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Biological fouling reduction for membrane bioreactor (MBR) fouling problem 
deserved more attention. In this study, MBR fouling control through quorum 
quenching (QQ) was evaluated to solve the MBR fouling issue through the biological 
aspect. To overcome the normally complex microbiological work required for 
autoinducer and quencher detection, a much simpler swimming and swarming 
motility based assay was developed. Through the motility assay, 6 plant extracts and 2 
known quenchers were first evaluated for their motility inhibition and QQ properties 
on 3 different motility reporting bacteria. The results generally agreed with literature 
data on the QQ property of these quenchers and several new extract-based 
autoinducer inhibitors for both AI-2 and AHLs were discovered. 
 
Next, 2 different QQ bacteria, Bacillus cereus (B. cereus) and Pseudomonas putida (P. 
putida), based on their known QQ properties, were selected for fouling control 
evaluation in MBRs feeding with synthetic wastewater. Direct dosing of QQ bacteria 
was evaluated in the first phase, while immobilization on entrapped microbial mix 
culture (EMMC) bioballs and used the cells in their immobilized form was evaluated 
in the second phase. P. putida produced the most significant fouling reduction in its 
free cell form, while B. cereus was the best QQ bacteria to be used in immobilized 
form. In both phases, motility assay developed earlier was used to confirm the 
II 
 
presence of quenchers and autoinducers in the reactor mixed liquor and effluent 
samples. Results showed B. cereus actively produced excess QQ enzymes, while P. 
putida did not produce excess quenchers. The finding is consistent with literature data 
that P. putida exerted a tight control loop on AHL autoinducer levels. Analysis on 
microbial mixed liquor and effluent showed dosing pure culture QQ bacteria did not 
affect mixed liquor characteristics, microbial community structure or treatment 
efficiency. In their immobilized EMMC bioball form, B. cereus also did not affect 
these parameters. However, P. putida caused reduced microbiological activity and 
weakened floc structure evidenced from lower than expected MLSS and EPS 
concentrations, overabundance of free cells in mixed liquor samples and reduced 
nitrogen removal due to slower nitrogen internalization by the cells. 
 
Between free cell form and immobilized form, B. cereus immobilized on EMMC 
bioballs looked to be the more promising process for long term stable operation since 
the bioballs only needed to be prepared once. However, the root cause for P. putida 
bioballs causing reduced microbiological activity needs to be understood to prevent 
similar incidences in the future. Overall, it has been demonstrated that QQ can be an 
affordable and sustainable novel biological process for MBR fouling control, without 
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The issue of membrane bioreactor (MBR) fouling probably has a history as long as 
the MBR technology itself. Among the most frequently encountered membrane 
technologies used in the environmental water and wastewater industry, the MBR 
membranes probably faced the most complex, solid-loaded and microorganism-rich 
environment. The MBR process has always been in fierce competition with the 
relatively low cost conventional activated sludge (CAS) process. The combined effect 
is the MBR fouling problem is not only a difficult one to solve, but also a problem 
which needs to be solved economically. In one review paper, it has been stated that 
despite 10 years of active research in the area, there was still no consensus on the 
main factors contributing to the problem. (Le-Clech et al. 2006) 
 
The key difference between the fouling issue of MBRs and other membrane processes 
is that high biological activity in the MBR reactor is required for MBRs to function 
(to biodegrade the nutrients in the feed), compared to an reverse osmosis (RO) or 
ultrafiltration (UF) membrane where any biological activity in the system is likely to 
be detrimental. The biological activities in the MBR reactors formed large aggregate 
of cells in the form of bioflocs, which are visible to the eye. During operation, the 
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bioflocs are drawn onto the membrane surface, just like other dissolved liquid being 
drawn to the membrane surface created by suction. The bioflocs will not pass through 
the membrane pores, but are forced to be deposited there. Further biological activities 
cause the formation of biofilm on the membrane surface, which the bioflocs deposited 
serve as anchoring points and sources of nutrient (mainly as a source to provide initial 
EPS (extracellular polymeric substance) needed to start biofilm formation). In this 
work, the term “biofouling” refers to any reduced permeability due to the formation of 
biofilms. It is not surprising biofilm formation is a prominent feature on fouled MBR 
membranes due to the presence of high biological activity and also high density of 
bioflocs. A biofilm is a complex, heterogeneous layer of differentiated cells wrapped 
in EPS that is much more difficult to be removed due to the cells being held together 
strongly by the EPS. 
 
The discovery of quorum sensing (QS) in bacteria (Kempner & Hanson, 1968) has 
been a great discovery to have a better understanding on bacterial social behavior. It 
has been thought previously that bacterial cells were just free living cells and would 
not have any mechanism to have coordinated group behavior, which would be a trait 
only possessed by cells of multi-cellular organisms. Since the discovery, people have 
understood that coordinated behavior through small signal molecules called 
autoinducers were prevalent in the bacteria kingdom, and the cells coordinate a wide 
range of activities that will mostly benefit the cells when the cell density is high. 
Formation of biofilm through secreting EPS and contributing to the overall structure 
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of the biofilm is one such activity coordinated by QS. This is understandable that 
when the cell density is low, for example, when living as planktonic free cells, 
spending extra resources on EPS production will not benefit the cells. The benefit is 
only observed when there is sufficiently large number of cells present. The 
coordinated secretion of EPS form a thick biofilm layer, thus creating an altered 
environment that helps to protect the cells from being removed from the membrane 
surface. At the same time, several compounds have been identified to disrupt the QS 
processes and they have been referred to as “quorum quenchers” (QQ), “quorum 
sensing inhibitors” (QSIs) or just “quenchers”. Function of autoinducers and 
quenchers, as well as their detections and applications, are discussed in more detail in 
Chapter 2, Section 2-3 and Section 2-4 in the literature review section. 
 
1-2. Problem Statement 
The problem of membrane fouling in MBRs continues to persist, and fouling control 
strategies applied to combat the fouling issues mostly are temporary or have series 
short-comings, despite many years of extensive research on the cause of the 
membrane fouling problem. 
 
Despite high biological activities in the reactor mixed liquor and these 
microbiological activities are central to MBR function, most current fouling 
researches and fouling control strategies have ignored the biological aspect of the 
fouling issue (biofouling) and just treat the fouling issue as “filtration of a solution 
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containing a mixture of colloids, floc particles, EPS and SMP”. The consequence is 
the findings will be mostly superficial, ignoring all key biological processes occurring 
in the reactor mixed liquor and the fouling layer. 
 
Solving the MBR fouling problem by the biological route has not shown much 
progress, partly due to the requirement on specialized strains, (bacteria and plasmids) 
chemicals, equipment and professional training to handle microbiological work. The 
result is biological fouling control becomes time-consuming, laborious and costly, and 
non-competitive to non-biological fouling control researches despite the former 
provides more fundamental insight into the problem. 
 
1-3. Research Objectives 
In this research project, it is desired to solve the MBR issue by returning to the more 
fundamental biological route. Biofilm reduction through QQ was chosen, since in 
MBRs, fouling is directly correlated to the amount of biofilm formed on the 
membrane. QQ is a process that disrupts the biofilm formation targeting at the root of 
the fouling issue – the production of EPS. The quenchers come in the form of plant 
extracts or QQ bacteria. 
 
However, it is not easy to detect quencher or autoinducers without resorting to 
complicated microbiological works, including constructing bio-transformed plasmid 
containing reporting strains for autoinducers. Lack of expertise and special equipment 
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also means construction of reporting strains would not be feasible for this research 
project. To solve this, motility assays using 3 wild type reporter strains covering two 
major QS systems, N-acyl homoserine lactone (AHL) and autoinducer-2 (AI-2), were 
constructed as an alternative, simpler method for autoinducer and quencher detection. 
The assays tested a set of 8 different plant extracts and 2 known quenchers (as control 
quenchers) to verify if the extracts possessed QQ properties and if the results were 
comparable to known literature data. 
 
Finally, it is desired to demonstrate MBR biofouling control through QQ can be a 
process that is economical and sustainable through the application of two wild-type 
strains of QQ bacteria. Feasibility study was conducted through dosing QQ bacteria in 
free cell form directly into the MBRs. Next, to demonstrate that long-term stable 
operation can be achieved, immobilization of QQ bacteria onto entrapped mixed 
microbial cell (EMMC) bioball was carried out for the two QQ bacteria. Motility 
assays were used for detection of presence of quenchers and autoinducers in the 
MBRs. 
 
In summary, the research objectives are: 
(1) To show that detection of quenchers and autoinducers can be simple through 
motility assays, and no specialized microbiological training is needed; 
(2) To show that extracts from plants have QQ properties through the motility assays; 
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(3) To show that biofouling control through QQ can be economical and sustainable by 
dosing QQ bacteria; 
(4) To show that long-term stability in MBR fouling can be achieved through 
immobilization of QQ bacteria onto EMMC bioballs. 







2-1. Brief Review on Membrane Bioreactor (MBR) Fouling Issue 
 
2-1-1. Identification of MBR fouling factors 
During the past 15 years, along with an explosive growth of interest in MBRs to meet 
stringent regulatory requirements on effluent pollutant removal levels, there has also 
been a huge increase in researches conducted on MBR fouling, especially on topics 
dedicated to identification of MBR fouling factors (Chang et al., 2002; Le-Clech et al., 
2006; Meng et al., 2009; Drews, 2010). The biological activities that contributed to 
fouling were often simplified and lumped into a few biological or physicochemical 
parameters in current MBR fouling studies. The parameters most studied were MLSS, 
EPS (protein/polysaccharides), SMP, dissolved oxygen, floc (particle size) and 
biofilm structure/bio-volume. These parameters have complex interactions with each 
other. Operating conditions such as SRT, HRT, aeration rates and feed characteristics 
were also considered fouling factors, as well as membrane types and 
reactor/membrane module configuration, which all could have significant impacts on 
mixed liquor characteristics. Due to huge differences in how these factors were 
grouped in the studies (with some factors kept as “constants” while others treated as 
“variables”), as well as significant differences in analysis methodology, contradictory 
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results were often reported. For example, Le-Clech et al. (2006) reviewed the effect of 
MLSS on MBR fouling and found the results were reported in all directions possible: 
positive, negative or neutral (see Table 3 in the review article). 
 
Soluble microbial products (SMP) 
Among the fouling factors listed above, SMPs are perhaps the most uncontroversial 
factor that correlates positively to MBR fouling (Drews, 2010). SMPs are polymeric 
compounds that are either in colloidal or dissolved form, and mostly consisted of high 
molecular weight (>10 kDa) proteins and polysaccharides. Early studies through 
biofilm reactors showed that SMP were originated from microbial metabolic activities 
and released by the cells into the bulk mixed liquor either through the utilization of 
substrate, biomass decay or hydrolysis of Extracellular polymeric substances (EPS) 
(Namkung and Rittmann, 1986; Fenu et al., 2010). On the other hand, EPS were 
polymeric compounds bound to the cells. For SMP, high molecular weight polymeric 
substances are partially rejected by the membrane while low molecular weight 
products passed through the membrane relatively unhindered. Effect of SMP has been 
reported to either creating a gel-like cake layer on the membrane surface (for smaller 
pore sized membranes) (Wang et al. 2008) or causing internal pore blocking (for 
larger pore sized membranes) (Le-Clech et al. 2006). In one membrane fouling study, 
it was found that the irreversible fouling layer closest to membrane surface was 
mostly consisted of SMP gel layer, the intermediate layer (built on the SMP layer’s 
foundation) was consisted by half SMP, half mixed liquor flocs, while the outermost 
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layer was similar to floc particles (Metzger et al. 2007). These evidences suggested 
SMP not only contributed significantly to fouling, but also created irreversible fouling 
layer that deteriorated long-term performance of the membranes. Important 
contributions of SMP in MBR fouling have also been reported in previous studies in 
this group (Ng et al., 2006; Ng & Ng, 2010). On the other hand, larger sized particles 
in the mixed liquor tend to create a beneficial protective layer on the membrane 
surface, thus the solid floc particles were often reported as a less significant fouling 
factors compared to SMP (Le-Clech et al. 2006). 
 
A number of operation parameters have been found to strongly influence SMP 
concentrations, both from theoretical modeling of SMP production and experimental 
investigations. A series of unified mass balance models for EPS and SMP production 
by microbial metabolic activities modeled using a continuous stirred tank reactor 
(CSTR) following Monod kinetics have been proposed by Namkung and Rittmann 
(1986) and Laspidou and Rittmann (2002). These models subdivided SMP into 2 parts: 
substrate utilization associated products (UAP), which reflected the portion of SMP 
produced through metabolic activities; and biomass associated products (BAP), which 
reflected portion of SMP from hydrolysis of EPS and cell (biomass) decay. Similarly, 
EPS production was also comprised of a growth-dependent portion and a non-growth 
related portion. For a simple carbon source feed such as glucose, the models predicted 
relatively constant SMP at ~3.5% influent COD levels, while EPS and MLSS 
increased slowly with higher dilution rate (reciprocal of SRT). However, when SRT 
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was reduced to ~4 days, the system started to experience a wash-out and SMP, EPS 
and MLSS were all reduced abruptly. The results also showed increasing BAP 
concentrations with lower dilution rates (since biomass was higher with a low dilution 
rate, the corresponding SMP production due to biomass decay would also be higher), 
while UAP concentration showed the opposite trend (i.e., at low dilution rate, the 
substrate flux through the CSTR was also low. However, its rate of decay into UAP 
remained relatively constant). SMP, which was the sum of BAP and UAP, remained 
relatively unchanged and thus the model would not suggest an optimum SRT. 
 
Obviously, an MBR is different from a CSTR whereby the MBR utilizes MF or UF 
membranes to separate biomass from the mixed liquor, resulting in much higher 
MLSS, EPS and SMP concentrations in the reactor than the CSTR. Modeling of EPS 
and SMP production in an MBR by incorporating activated sludge model ASM2d 
with SMP production to ASM2dSMP has been conducted (Jiang et al., 2008). The 
conclusions showed that BAP increased with higher SRT while UAP decreased with 
higher SRT at similar HRT. This was similar to the conclusions of the CSTR models. 
Unlike the CSTR models, the ASM2dSMP model predicted the existence of an 
optimum SRT that produced minimum SMP, which consequently would have the least 
fouling. However, the optimum SRT based on the model parameters was an 
unrealistic 2 days. The study also showed that the SRT had a more significant 
contribution than HRT on SMP production and thus higher impact on MBR 
membrane fouling. 
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Mannina et al. (2011) integrated a biological kinetics model (SMP / MLSS / EPS 
production) based on the activated sludge model ASM1 and physical model (cake 
layer formation/membrane resistances/TMP) to predict the fouling propensity of 
biomass in an MBR. The model outputs met quite well with their experimental 
measured data. Unfortunately, the models were not interpreted further to identify the 
key parameters influencing SMP production, fouling (i.e., TMP increase) and how 
these parameters affect the SMP and TMP. On the other hand, Tian et al. (2011) 
incorporated SMP production into the ASM3 model that introduced simultaneous 
storage and growth, separating the calibration of the model parameters into 3 different 
groups: BAP production by biomass decay, UAP production by heterotrophy and UAP 
production by autotrophy. Batch experiments first proved both BAP and UAP were 
biodegradable and likely to be hydrolyzed into smaller molecular weight products 
before they were able to be utilized by cells. In addition, their excitation emission 
matrix (EEM) and Fourier transform infrared spectroscopy (FTIR) data showed the 
BAP consisted more significant humic acid and fulvic acid proportions, the 
autotrophic UAP consisted mostly biomass respiration products, while the 
heterotrophic UAP consisted more polysaccharides and proteins especially at the start 
of the batch experiment. The resulted model, combined with using updated model 
parameters under different SRT conditions, predicted minimum SMP at around 30-40 
days SRT for a constant HRT of 8 hours, while the SMP decreased slightly with 
increasing HRT at a constant SRT of 30 days. These modeling results fitted well with 
the experimental data, suggesting that the SMP decreased with increasing SRT from 
Chapter 2  Literature Review 
12 
 
10 days and beyond (Ng et al., 2006; Ng T.C.A, 2010; Zhang et al., 2006; Kimura et 
al., 2009). In summary, MBR models could be applied to provide quick insight on 
how various process parameters impacted fouling if the model parameters could be 
estimated appropriately. 
 
However, even if the theoretical role of SMP in membrane fouling is hard to dispute, 
relative contribution of SMP to fouling depends significantly on the process 
conditions (Drews, 2010). For example, it has been pointed out by Drews et al. (2008) 
that studies showing a correlation between polysaccharides/proteins concentrations in 
the SMP with fouling propensity were mostly hollow fiber membranes with larger 
pores, which were more likely to be affected by internal pore blocking but less 
affected by cake layer deposition because hollow fiber membranes can be backwashed. 
During the investigations on UF flat sheet membranes, Drews et al. (2008) did not 
find any correlation between SMP concentrations and fouling potential in any of the 3 
different sized (lab-scale, pilot, real plant) MBR plants. A longer SRT or operation at 
sub critical flux decreased colloidal fouling due to SMP and could also cause the 
correlation to disappear. The investigations done by Kimura et al. (2006) also showed 
that with the SMP decreased when the SRT was increased from 17 to 102 days, the 
irreversible membrane fouling was progressively worse off, and they pointed this 
increase in fouling due to higher humic substances present in the high-SRT reactors. 
These investigations suggested that fouling is a complex phenomenon and attributing 
fouling to just a few parameters such as SMP and SRT would be too simplistic. 
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Biofouling and biofilms 
Strictly speaking, biofouling should be defined only for fouling due to the growth of 
biofilm on the membrane surface. A biofilm is a heterogeneous aggregation of 
bacterial cells enclosed in an EPS matrix. In practice, the MBR fouling layer is 
comprised of SMP gel layer, microorganism biofilm and floc cake which cannot be 
separated from each other. Understanding the mechanism of biofouling will help to 
establish biofouling control strategies, which ultimately will also significantly 
improve overall permeability. Current literature data is still scarce on analyzing bulk 
biofilm characteristics using the same set of parameters as analyzing mixed liquor 
(MLSS, EPS and SMP), most likely due to difficulties to extract these components 
non-destructively from the biofilm samples, and therefore modeling biofilm growth 
based on bulk reactor parameters is still a daunting task. Instead, current 
investigations focused on biofilm microbial community characterization through 
microscopic-based observations (CLSM, FISH) and DNA sequencing. These studies 
have proved to be useful to provide insight on the mechanisms of biofouling. For 
example, through a series of destructive sampling runs in a nitrifying MBR reactor, 
Lu et al. (2016) found that the microbial community and EPS polysaccharide to 
protein ratio of initially fouled membrane (0-2 days of operation) closely resembled 
those of small flocs but differed from large flocs. However, the microbial community 
of a mature biofilm was significantly different and its EPS polysaccharide to protein 
ratio was also much lower. They proposed that initial biofilm was formed by the 
colonization of autotrophic microorganisms present in small flocs, which had higher 
Chapter 2  Literature Review 
14 
 
EPS and therefore were more easily stick to the membrane surface. The biofilm 
thickness and bio-volume increased up to 5 days of operation, but stabilized thereafter. 
The mature biofilm after 5 plus days of operation consisted mostly of heterotrophs 
with higher bio-diversity than both the initial biofilm and the bulk mixed liquor, and 
the reduction of polysaccharides to protein ratio proved the heterotrophs utilized EPS 
for growth. The authors hypothesized the fast growing heterotrophs out-competed 
other populations in the mature biofilm and became the dominant group, even though 
they could not start the biofilms without initial colonization of autotrophic bacteria. 
Significant community difference between biofilm, which was dominated by 
Alphaproteobacteria and Chloroflexi neither presented in large populations in the 
mixed liquor was also reported by Miura et al. (2007) through FISH studies. Huang et 
al. (2008) reported enrichment of certain bacterial species on the biofilm under high 
flux operating conditions, suggesting operating conditions also impacted greatly on 
the biofilm bacterial community in addition to impacting mixed liquor bacterial 
community. Enrichment of Alphaproteobacteria and Sphingomonas related species 
were observed in the biofilm, especially under high flux conditions. In addition, most 
of the bacterial species on the biofilm were uncultivated species and also not detected 
in the mixed liquor, suggesting the MBR biofilm was a highly complex community. 
Lastly, it has been shown that biofilm and EPS spatial distribution also played 
important role in determining the severity of biofouling, not just their absolute 
amounts as reported by Yun et al. (2006), which showed anoxic MBR membranes had 
more severe fouling than aerobic MBR membranes due to high compactness and 
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evenness of the anoxic MBR biofilm. 
 
Floc particles 
While floc particles produced less consistent contributions to MBR fouling, they still 
made bulk of the fouling layer, together with SMP and biofilm. Floc strengths directly 
affected SMP concentrations, since EPS would be released into the mixed liquor (as 
SMP) if floc structure was weakened significantly. Additionally, small particles were 
also more easily stick to the membrane surface than large particles, while deposited 
larger particles would have higher chance to be back-transported to the mixed liquor 
by aeration. Wisniewski and Grasmick (1998) noticed that decreased floc size, due to 
increased re-circulation, in an MBR reduced the settleable fraction of the mixed liquor 
and resulted in a corresponding increase in the filtration resistance. In another study 
using UF membrane and MBR running with synthetic feed, the floc suspended solids 
was found to be even more important than the soluble fractions (Bae and Tak, 2005). 
Interestingly, these 2 studies reported drastic different contribution of solid particles to 
fouling. The much higher contribution (over 80%) by solids reported by Bae and Tak 
(2005) would likely be due to the synthetic feed used and relatively low amount of 
SMP present in the mixed liquor. 
 
2-1-2. Current fouling control measures 
Conventional fouling control methods for MBR operation usually involved physical 
cleaning through (1) relaxation of flat-sheet membranes and backwash of hollow fiber 
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modules for reversible fouling and (2) chemical cleaning for irreversible fouling 
(Le-Clech et al., 2006). In fact, traditionally, the definition of reversible fouling is in 
which membrane permeability can be recovered by physical cleaning alone. Chemical 
cleaning usually involves soaking or washing membrane module with 0.2% - 0.5% 
sodium hypochlorite solution followed by diluted organic acid such as citric acid 
solution. Sodium hypochlorite strongly oxidizes all organic compounds and biofilm in 
the fouling layer and facilitates their removal, while the organic acid dissolves 
inorganic particles. It should be noted that the loss of productivity due to physical 
cleaning procedures increases tremendously for production-scale MBR plants. High 
energy expenditure in aeration and backwash used for physical cleaning typically 
made up to 1/3 of the total operation and maintenance cost in a modern MBR plant 
(Kraume and Drews, 2010). Chemical cleaning, on the other hand, causes long-term 
deterioration of membrane modules. It is not surprising a lot of current MBR research 
activities attempt at developing novel MBR fouling control strategies, aiming at 
improving sustainability of the MBR plant, when these fouling control strategies are 
applied in tandem with traditional control methods. The frequent researched areas for 
novel fouling control include quorum quenching (QQ), coagulants and flux enhancers 
and fouling resistant (antifouling) membranes. 
 
Quorum quenching 
QQ is based on the principle of inhibition of biofilm formation and EPS production 
through the inhibition of bacterial QS, which is also the direction this study takes for 
Chapter 2  Literature Review 
17 
 
novel MBR fouling control. Unlike other fouling control methods, QQ directly aims 
at controlling the fundamental biological activities leading to biofilm formation in the 
fouling layer. The detailed literature background, mechanism of QS and quenchers, 
attempted engineering applications will all be presented in the Section 2-2: Bacterial 
QS Systems. 
 
Coagulants and flux enhancers 
Coagulants are either monomeric or polymeric compounds forming hydroxide 
precipitates once dissolved in water with near neutral pH (Le-Clech et al., 2006). 
Typical coagulants include ferric chloride (FeCl3), alum (aluminum sulfate, 
Al2(SO4)3), aluminum chloride (Al2Cl3), ferric sulfate (Fe2(SO4)3) and zeolite. 
Organic cationic polyelectrolytes (CPE) also functioned similarly. The coagulants 
hold high density of positive charges, thereby neutralizing colloidal particles and 
small flocs, which are oftenly negatively charged. Membrane fouling can be alleviated 
by the removal of soluble and colloidal matter, as well as an increase in floc size. As 
mentioned previously, larger sized floc particles are more difficult to be attached to 
the membrane surface. Wu et al. (2005) reported that polymeric coagulants created 
better fouling reduction performance compared to monomeric coagulants, likely due 
to higher positive charge density possessed by polymeric coagulants. Improved 
permeability, reduced effluent EPS/SMP as well as increased floc size have been 
reported for using proprietary flux enhancing polymers, organic CPE and inorganic 
ferric coagulants (Yoon et al., 2005). Coagulants can also be applied as pre-treatment 
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to improve both COD removal and membrane fouling when the feed was a secondary 
effluent from an upstream CAS process (Erdei et al., 2008). Lastly, it is also possible 
to generate coagulants with iron electrodes when using the novel membrane 
electro-bioreactor technology (Bani-Melhem and Elektorowicz, 2011). Fouling 
improvement was observed when a DC circuit was applied, as well as improved 
phosphate removal due to the generation of Fe3+ ions. 
 
Antifouling membranes 
Membranes can be treated or fabricated generally in 3 different ways to become more 
fouling resistant: to be coated with anti-fouling nanoparticles during or post 
fabrication, to be treated with plasma to increase hydrophilicity and gain improved 
fouling resistance since floc particles and microorganisms are attached to the 
membrane surface through hydrophobic interactions or to be fabricated with a novel 
polymer that repels hydrophobic interactions.  
 
Graphene oxide (at just 1.3 wt% in the membrane layer) has been reported to 
significantly enhance hydrophilicity and increase fouling resistance in PES 
(polysulfone) membranes (Lee et al., 2013). The improved hydrophilicity was likely 
due to the introduction of high density carboxyl and epoxide groups by the graphene 
oxidation process. Membrane surface modification by plasma (CO2, NH3, etc.) or 
photo-induced graft polymerization to increase hydrophilicity has also been reported 
by Yu et al. (2008). Alternatively, a novel antifouling nanofiltration (NF) membrane 
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coated with PVDF-g-POEM (poly(vinylidene fluoride)-graft-poly(oxyethylene) 
methacrylate) has been proposed as a replacement for conventional MF/UF 
membranes (Asatekin et al., 2006). Dead end filtration tests with model foulants 
showed the membrane completely rejected proteins, polysaccharides and NOMs 
(natural organic matter), which would cause irreversible pore blocking in untreated 
membranes. However, apparently no flux comparison with normal MF/UF membrane 
was given for this novel NF membrane, implying flux of the antifouling membrane 
was non-competitive at the moment. It would still take a long roadmap for fouling 
resistant (antifouling) membranes to be widely accepted, as currently there were still 
very few evaluations of such membranes using an actual MBR setting as most of the 
studies used dead end filtration tests coupled with model foulant solutions. Besides 
the difficulties of novel membranes to achieve flux comparable to current MF/UF 
membranes, cost of producing these novel membranes and long-term performance 
stability are also major concerns. On the other hand, another possible application of 
membrane modification could be improving pollutant removal and antifouling 
property on low cost fiber cloths (pore size typically > 20 µm), which has been 
considered to be high-permeability alternatives to MF membranes. Liu et al. (2012) 
modified polyester filter cloths with TiO2 and polyvinyl alcohol (PVA). Improved 
pollutant removal comparable to conventional PVDF MBR membranes and fouling 
reduction has been reported for this modification. 
 
2-2. Bacterial QS Systems 





For a long time, bacteria cells were considered simple life forms which lacked the 
complex inter-cellular communications possessed by higher multi-cellular organisms. 
The discovery of bacterial cell-cell communication, first in bio-luminescent Vibrio 
fischeri (previously known as Photobacterium fischeri; now reclassified as Aliivibrio 
fischeri) (Nealson et al., 1970; Nealson and Hastings, 1979), was a great leap in 
understanding bacterial group behavior. In their initial studies, luciferase, the enzyme 
responsible for producing bio-luminescence, was found to be produced only after cell 
density reached a threshold value. Luciferase was not produced in freshly inoculated 
cells, but was produced in a “burst” that could exceed the rate of growth, and 
production apparently was growth independent. Hence the phenomena was described 
as “autoinduction” since its production was controlled by the bacteria themselves in a 
population-density dependent manner. Luciferase-producing (bio-luminescent) 
bacteria were found in high cell density in light producing organs in marine animals 
and these bacteria could produce luciferase up to 5% of their total protein production 
(Nealson et al., 1970). They have also been ubiquitously found as planktonic cells in 
seawater. Bio-luminescent bacteria are responsible for light production for at least 30 
genera of teleost fishes possessing light organs, and ecological advantage through 
symbiosis explains why these bacteria do not lose the ability of bio-luminescence 
despite the quite significant metabolic burden. Through QS, the bacteria “intelligently” 
know if they are living as planktonic cells (i.e., low cell density) or inside light organs 
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(i.e., high cell densities), therefore able to adapt their life style that maximizes their 
chance of survival and proliferation. Structure of the Vibrio fischeri autoinducer was 
elucidated through NMR to be an N-acyl homoserine lactone (AHL), which was the 
first such molecule to have its structure identified (Eberhard et al. 1981). 
 
Over the years, QS phenomena have been reported for many different species of 
bacteria. Like Vibrio fischeri, these bacteria exhibit population density dependent 
behavior regulated by small signal molecules. Genetic studies have provided abundant 
insight on the mechanism of QS systems such as the luxI-luxR (autoinducer 
production and reception) and luxABCDE (bioluminescence) system of Vibrio fischeri 
(Engebrecht and Silverman, 1984). A basic model of QS system (or “QS loop”, since 
the effect most likely will trigger gene activations in the QS system repeatedly) 
consists of (1) autoinducer production genes which constantly produce signal 
molecules in low concentrations; (2) receptor and gene activator/suppressor proteins 
which can bind to the signal molecules, but more likely when there are high cell 
populations present. When cell population density is higher, the signal 
strength/autoinducer concentration will also be higher, leading to very high chance 
that the receptor protein will be activated; (3) QS regulatory genes, where the receptor 
protein, once activated by the signal molecule, will bind to; (4) QS regulated genes, 
which are usually found downstream the regulatory genes. Their 
activation/suppression levels will be dependent on status of the regulatory genes. 
Often, the autoinducer production genes will also be one of the genes up-regulated by 
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QS, thus escalating the production of signal molecules, creating abrupt changes in 
bacterial phenotype. An example is the abrupt increase in bioluminescence observed 
on Vibrio fischeri once the population density hits a certain threshold level.      
 
2-2-2. The autoinducers 
The autoinducers are relatively small molecules used for bacterial cell-cell 
communication. Most of the autoinducers identified so far can be sub-divided into 3 
types: 
(1) N-acyl homoserine lactones (AHL; sometimes called AI-1) 
(2) Autoinducer 2 (AI-2) 
(3) Autoinducing peptides (AIP) 
Chemical structures of some identified autoinducers are re-produced in Fig. 2-1 
(Adapted from: Camilli and Bassler, 2006; Zhang et al., 1993). 










Fig. 2-1: Chemical structures of some identified autoinducers. a: Base acyl homoserine 
lactone (AHL) molecule, R substituted with structures from a1 to a5 produced the complete 
structure (head on the right hand side) a1: Vibrio harveyi a2: Pseudomonas aeruginosa AHL 
1 a3: Vibrio fischeri a4: A. tumefaciens a5: Pseudomonas aeruginosa AHL 2 b: Vibrio 
harveyi AI-2 c: Salmonella enterica AI-2 d: Staphylococcus aureus AIP e: B. subtilis AIP 
(ComX) f: Pseudomonas aeruginosa quinolone. The asterisk on e denotes an isoprenyl post 
translational modification on tryptophan (Camilli and Bassler, 2006; Zhang et al. 1993). 
 
N-acyl homoserine lactones (AHLs, Fig. 2-1, a: a1-a5) are small molecules that can 
freely diffuse in and out of cell membranes. These compounds are non-volatile, 
sparingly soluble in water but readily soluble in ethyl acetate, dimethyl sulfoxide 
(DMSO) and other organic solvents. They are also quite stable in neutral and acidic 
conditions, are not quickly deactivated by heat, but are subject to rapid deactivation 
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through hydrolysis (opening of the lactone ring) in alkaline medium (Eberhard, et al. 
1981). So far, production of AHLs has only been found in Gram negative bacteria, 
and some bacteria are able to produce several different AHL signal molecules. 
 
Autoinducer 2 (AI-2) is also a small free-diffusing molecule that can exhibit a few 
interconvertible forms (Fig. 2-1, b-c). Structure B is highly unusual and it is one of 
the first bio-molecules containing boron to be reported (Chen et al., 2002). Based on 
the structure, AI-2 is expected to be highly soluble in water due to a high number of 
hydrogen bonding sites available. The AI-2 producing gene, LuxS, has been found in 
many different species of Gram positive and Gram negative bacteria. Therefore, AI-2 
has been hypothesized as an inter-species communication signal molecule. However, 
to this date, the role of AI-2 as an inter-species autoinducer is still being debated 
(Rezzonico and Duffy, 2008). The luxS protein was also suggested to merely play a 
metabolic role in methyl cycles rather than QS for most bacteria producing AI-2 (De 
Keersmaecker et al., 2008). 
 
Autoinducing peptides (AIPs) are species specific and uniquely produced by Gram 
positive bacteria. These molecules are relatively large compared to the earlier 2 
autoinducers described and would not diffuse freely in and out of cell membranes 
(Bassler, 1999). The peptides were directly synthesized at the ribosome as precursor 
peptides, thereafter transported and processed through an ABC transporter in the 
bacterial cell membrane to release the active peptide out of the cells. Both linear and 
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cyclic peptides, often with post translational modifications, have been known (Fig. 
2-1, d-e). 
 
Besides the above mentioned 3 main types of autoinducers, a few other autoinducers 
are known. For example, Pseudomonas aeruginosa (P. aeruginosa) has been known 
to produce quinolone (Fig. 2-1, f) as one of the 3 autoinducers produced by the 
bacteria, which is a highly hydrophobic molecule. 
 
2-2-3. Brief description of QS systems 
In this section, QS systems of 1-2 bacteria species producing each of the main 
autoinducers (i.e., AHL, AI-2, AIP) will be briefly discussed. Most QS systems 
consist of complex network of signals, regulatory proteins and regulated genes. It is 
common for bacteria to have multiple, sometimes redundant signal pathways. It is 
also expected that current understanding on bacteria autoinducer signals is inadequate 
and many different regulatory pathways and signal molecules (some may not function 
as autoinducers) are yet to be discovered. 
 
Agrobacterium tumefaciens (A. tumefaciens) QS system (AHL) 
A. tumefaciens, with updated scientific name as Rhizobium radiobacter, is a Gram 
negative soil Alphaproteobacteria, and is a plant pathogen causing crown gall disease. 
The bacteria cells contain a Ti (tumor-inducing) plasmid. All QS related genes, 
including the autoinducer producing gene (traI), reception gene (traR) and 
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downstream regulatory genes are found on the Ti plasmid (White and Finan, 2009). 
TraI-TraR is a homologue of the LuxI-LuxR AHL autoinducer producer-receptor 
system widely preserved in many Proteobacteria species (Whitehead et al., 2001). In 
the plant crown gall, the presence of plant opines, which are nitrogen-containing 
compounds produced only in the crown gall due to virulence expressed by the Ti 
plasmid and used by the bacteria as nitrogen source, triggers the traI gene and 
production of the autoinducer C8-Oxo-HSL (Fig. 2-1, a4) (Zhang et al., 1993). 
Activation of traR by the autoinducer results in enhanced production of Ti plasmids as 
well as conjugation transfer plasmids among cell members, which in turn results in 
escalated virulence expression (i.e., overproduction of phytohormones which induces 
tumor formation) and higher concentrations of opine production as a result of QS 
(Fuqua and Winans, 1994). Interestingly, A.tumefaciens is capable of degrading its 
own autoinducer through a lactonase-like protein, although it has been speculated to 
be merely a coincidence of degrading structural related compounds for metabolism 
rather than possessing a tight control loop such as P. putida (Piper et al., 1993). 
 
Escherichia coli (E. coli) QS system (AI-2) 
E. coli is a ubiquitous Gram negative Gammaproteobacteria found in the environment 
and as part of the normal microflora found in lower intestine of warm blooded 
animals. Unlike many members of the Proteobacteria class, E. coli lacks any AHL 
synthesis genes, and this trait has been used advantageously in QS research by using 
recombinant E. coli as the medium for studying over-expressed LuxR and its homolog 
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proteins (i.e., the AHL receptor proteins) (Whitehead et al., 2001). On the other hand, 
wild type strains of E. coli produced autoinducer-2 (AI-2) through the precursor 
4,5-dihydroxy-2,3-pentanedione (DPD) by the LuxS protein. The AI-2 producing 
gene luxS has been found in phylogenetically diverse bacteria and has been proposed 
as inter-species QS signal. However, there has been considerable debate on the role of 
AI-2 in QS for most AI-2 producing bacteria (Rezzonico and Duffy, 2008; De 
Keersmaecker et al., 2008). At least for E-coli, AI-2 has been shown to up-regulate 
biofilm formation through a global regulatory protein MqsR, B3022, which activates 
close downstream operon qseBC and subsequently, promotes motility, chemotaxis and 
biofilm formation (González Barrios et al., 2006). Although E. coli does not synthesis 
AHLs, it does have an AHL receptor protein SdiA, which is used by the bacteria to 
monitor AHL autoinducer concentrations in its vicinity (Yamamoto et al., 2001). 
 
Bacillus subtilis (B. subtilis) and B. cereus QS system (AIP) 
Both B. subtilis and B. cereus are soil dwelling, endospore forming Gram positive 
bacteria. Both utilize autoinducing oligopeptides. In B. subtilis, the 10-residue 
autoinducing peptide ComX (Fig. 2-1, e) is its most well studied autoinducer. The 
ComX-ComP-ComA pathway directly regulates a variety of genes involved in biofilm 
development, EPS production and survival under limited diffusion conditions, which 
are all important genes for managing high population density (Comella and Grossman, 
2005). Lipopeptide Surfactin and AI-2 also contributed significantly to biofilm 
formation. In B. cereus, one of the identified autoinducing peptide is PapR signal 
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peptide (Slamti and Lereclus, 2005). The 5-residue peptide activates the PlcR 
regulatory protein, which is responsible for phospholipase C, protease, cell wall 
protein, enetrotoxins and hemolysins functions. 
 
2-2-4. QS functions: biofilm formation, motility and EPS production 
The population density dependent QS systems regulate a wide range of gene 
expressions, cellular functions and cell phenotypes, including but not limiting to 
biofilm formation, motility, EPS production, bioluminescence, virulence, antibiotic 
production and competence. The most important function relevant to fouling issues is 
biofilm formation, and in close relation, motility and EPS production. 
 
As previously mentioned, biofilms are aggregates of microbial cells enclosed in an 
extracellular polymeric substance (EPS) matrix. For fouling control in membrane 
bioreactors, formation of biofilm on MBR membrane is a serious concern. Biofilm 
contributed significantly to overall membrane resistance and it is desirable to reduce 
the amount of biofilm formed on membrane surfaces. However, in nature, most 
bacteria cells live in some form of biofilm and relatively fewer cells live as free 
planktonic cells. Biofilms are ubiquitous, and it has been described that almost all 
natural or artificial surfaces have been colonized by microbial biofilms (Vlamakis et 
al., 2013). One of the most influential theories of bacterial biofilm is the 
developmental model of microbial biofilms, which cells change phenotype from 
homogenous planktonic cells to differentiated, heterogeneous sessile life-form in a 
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biofilm through a series of developmental stages. These development stages typically 
consist of 5 stages regulated by changes in gene expressions (Dworkin, 1985): (1) 
planktonic; (2) attachment; (3) micro-colony development; (4) macro-colony 
development; and (5) dispersal (Monds and O’Toole, 2009). QS very likely 
contributes to the cell phenotype change due to high cell density and autoinducer 
concentration in the biofilm. The important role played by QS in the formation of 
biofilms is the key theoretical basis that disruption of the QS process can improve 
fouling. 
 
Till now, the mechanisms of the formation of biofilms, especially multi-species 
biofilms was still poorly understood. Most of the understandings of the biofilm 
lifecycle were based on studying the 2 model microorganisms: Gram-negative P. 
aeruginosa and Gram-positive B. subtilis. P. aeruginosa belongs to 
Gammaproteobacteria and has received very high attention on its complex QS 
systems and biofilms formation abilities, due to its clinical importance as the leading 
pathogen causing lethal lung infections in cystic fibrosis patients and infections in 
other immunocompromised patients (Singh et al., 2000). B. subtilis, on the other hand, 
is a non-pathogenic bacteria and the ability of this species to form biofilm has been 
recognized over 140 years ago by German microbiologist Ferdinand Cohn (Vlamakis 
et al., 2013). Its non-pathogenicity and ability to readily differentiate into several cell 
phenotypes in the biofilm provided the bacteria advantages as a model organism for 
studying biofilms. However, even for these 2 model bacteria with studies supporting 
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QS regulating EPS production and biofilm formation, there still remained controversy 
of the definitive roles of gene regulations and cell phenotype changes due to QS in the 
biofilm development process (Monds and O’Toole, 2009). 
 
Role of QS in P. aeruginosa biofilm formation 
In P. aeruginosa, Davies et al. (2009) presented the first report on the effect of QS on 
P. aeruginosa biofilms. The authors created several mutant strains with defective lasI 
and rhlI genes, which are responsible for producing the 2 AHL autoinducers: 
C12-oxo-HSL (Fig. 2-1, a5) and C4-HSL (Fig. 2-1, a2), respectively. The mutant 
strains lacking lasI gene could not produce a normal, heterogeneous biofilm with 
mushroom-shaped colonies and caused a reduced height and extractable 
polysaccharides from the biofilm, while the rhlI mutant was unaffected. Addition of 
C12-oxo-HSL to the lasI mutant recovered the strains’ ability to form normal biofilms. 
The result clearly showed at least the C12-oxo-HSL played important roles in biofilm 
formation in P. aeruginosa, but unfortunately, further study was not carried out on 
other phenotypical changes in the mutant strains that might reveal how the 
autoinducer helped with biofilm formation. It has also been reported that feed 
conditions affected the role of QS in both biofilm formation and swarming motility in 
P. aeruginosa (Shrout et al., 2006). In this study, colonies grown on succinate 
produced the most significant difference in biofilm morphology between wild type 
strains and lasI mutant strains. The mutant strain almost did not swarm on succinate 
and the swarming motility difference was also largest when cells were grown on 
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succinate, suggesting swarming motility was linked to biofilm formation. Hentzer et 
al. (2002) reported halogenated furanone, which is a potent inhibitor for both AHL 
and AI-2 autoinducers, inhibited biofilm growth of P. aeruginosa as well as reduced 
its virulence factor expression, which had direct genetic evidence to be controlled by 
QS. The quencher did not affect either growth or initial biofilm attachment, 
suggesting inhibition of biofilm formation was due to QQ.  
 
Recently, the roles played by EPS in the formation and maturation of the P. 
aeruginosa biofilm have gained more support as more fundamental research works on 
P. aeruginosa biofilm have been carried out, although the definitive genetic link to QS 
is still missing. P. aeruginosa cells, using their type-IV pili and twitching motility, can 
leave trails of Psl, an EPS polysaccharide (Zhao et al., 2013), on the surface, and also 
form a fibre-like Psl matrix during biofilm formation (Wang et al., 2013). These EPS 
trails and fibre-like matrix interacted with following or subsequent cells (also through 
type-IV pili) and guided more cells to “visit” these trail areas. In the process, more 
EPS would be deposited near the original trail site, encouraging even greater number 
cell visits and later lead to adhesion of cells with the EPS matrix. In this way, EPS not 
only enhanced structural rigidity of the biofilm, but also self-promoted biofilm growth 
and maturation through a positive feed-back loop similar to QS. Also, it is remarkable 
that the bacteria employed several redundant mechanisms to initiate biofilm formation 
that likely enhances biofilm stability, and EPS played crucial role in each mechanism. 
Type-IV pili also helps with swarming motility for P. aeruginosa, suggesting there is 
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close relationship between EPS, QS and motility. Lastly, it has been shown that the 
Psl polysaccharides actively promoted production of intracellular secondary 
messenger molecule c-di-GMP, which enhanced production of more Psl 
polysaccharides and hence the EPS Psl itself acted as an autoinducer for P. aeruginosa 
(Irie et al., 2012) 
 
Role of QS in B. subtilis biofilm formation 
B. subtilis cells are highly differentiated in their roles in the biofilm. A mature B. 
subtilis biofilm consists of mostly non-motile (flagella-less) cells enclosed in an EPS 
matrix, however, there are also motile cells present as well as sporulating cells. Each 
group of cells expresses different sets of genes and carries different cellular functions 
that are similar to cellular differentiation of multi-cellular eukaryote organisms 
(Vlamakis et al., 2013). The B. subtilis biofilm has been studied extensively because 
it is a better representation of the developmental model (Dworkin, 1985) of microbial 
biofilms than P. aeruginosa. The EPS contained polysaccharides (or polymers), 2 
structural proteins (TapA and TasA) as well as a surface layer protein BslA, which 
enhanced biofilm hydrophobicity. The biofilm also contained high number of 
non-motile cells arranged in chains (“chaining”) and small number of motile cells. 
Non-motile cells were attached to long TasA fibres, an amyloid fibre composed 
mostly of β-sheets, by TapA. Mutant cells with either defective polysaccharides 
production genes (eps operon), protein genes (tapA / sipW / tasA / bslA, sipW is the 
enzyme that processed both TapA and TasA) or motility genes could not form mature 
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biofilms (Branda et al., 2006; Ostrowski et al., 2011). 
 
Through years of genetics study of biofilm formation, B. subtilis biofilm formation 
was found to be regulated by a highly complex network of genes and signal molecules. 
(Chai et al., 2010; Branda et al. 2006; Ostrowski et al., 2011; Vlamakis et al., 2013) 
The central regulator protein for biofilm formation and sporulation has been identified 
as Spo0A. Concentration of the phosphorylated form (Spo0A-P) controls gene 
expression and cell differentiation in B. subtilis. Only when a moderate concentration 
of Spo0A-P is present, EPS production would be enhanced. At high concentration 
levels, sporulation would be triggered. This can be easily interpreted as a protective 
mechanism to prevent the cells from entering an endless “EPS production” mode.  
The phosphorylated Spo0A-P regulates EPS production through several pathways: 
(1) It produces anti-repressor SinI, which binds with SinR, a repressor protein for 
polysaccharides synthesis operon eps and protein synthesis genes tapA-sipW-tasA, to 
form a SinI-SinR complex; 
(2) It also inhibits AbrB, a parallel pathway which also inhibited the same set of EPS 
production genes and in addition bslA (Hydrophobicity); and 
(3) SinR inhibits and forms complex with regulatory protein SlrR, SinR-SlrR. The 
complex inhibits hag, which is required for motility. The complex also inhibits 
autolysins, which causes chained cells in the biofilm to be separated. At low SlrR 
concentrations, SinR is not inhibited due to formation of the SlrR-SinR complex, 
hence high SinR concentration ensures active SlrR concentrations remain low (i.e., 
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“Low SlrR state”). Low SlrR-SinR complex concentration also results in mostly free 
and motile cells. At high SlrR concentrations, SinR is inhibited by high concentration 
of SlrR-SinR complex and therefore SlrR remains to be high (i.e., “High SlrR state”). 
High SlrR-SinR complex concentration results in mostly non-motile cells fixed in the 
biofilm. Spo0A-P produces SinI that inhibits SinR, therefore allowing more SlrR to be 
produced and is the key mechanism for cells to transition from “low SlrR state” (free 
cells) to “high SlrR state” (Sessile cells). 
 
Based on the above described pathways, it can be concluded that Spo0A-P is the key 
protein that helped biofilm formation and EPS production through transition from the 
free cell state to biofilm state. On the other hand, very high concentration of Spo0A-P 
resulted in sporulation which stopped further EPS production and would ultimately 
lead to biofilm dispersal. In B. subtilis, Spo0A-P concentration is governed by 4 
kinases: KinA, KinB, KinC, KinD. Of these, surfactin activation of KinC is one of the 
key mechanisms for enhanced Spo0A-P concentration. Surfactin is a lipopeptide 
produced by B. subtilis biofilm cells. It has been recognized as a powerful 
bio-surfactant required for B. subtilis swarming motility and is also a potent 
antimicrobial agent. Interestingly, it has been shown that the mechanism for surfactin 
to kill other bacteria cells is the same mechanism for enhanced biofilm/EPS 
production, by inserting its hydrophobic tail into cell membranes, causing potassium 
leakage (López et al., 2009). The potassium leakage causes activation of KinC and 
therefore increases Spo0A-P concentrations and subsequent enhanced EPS, biofilm 
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and more surfactin production. Due to its auto-induced nature in EPS production, 
surfactin can also be described as an autoinducer for B. subtilis. A minor mechanism 
is the self-activation by KinD, which also functions as a phosphatase and maintains 
low level Spo0A-P production.  
 
In addition to Spo0A-P, B. subtilis employed another separate regulatory pathway for 
cell differentiation in the form of DegS/DegU-P, which involved competence, and to a 
lesser extent also motility and biofilm formation (Murray et al., 2009). DegS 
promotes the phosphorylation from DegU to DegU-P, while DegU-P controls BslA 
and poly-γ-glutamic acid, which is a polysaccharide component of the EPS. The B. 
subtilis competence autoinducer ComX (Fig. 2-1, e) directly controls DegQ through 
the ComX-ComP-ComA pathway, which enhances conversion activity of DegU-P 
through DegS. Through this pathway, B. subtilis QS participates in all social activities 
of the bacteria including biofilm formation, motility and cell differentiation. 
 
Lastly, it has been reported that AI-2 QS also plays a role in B. subtilis biofilm 
formation, as LuxS (the AI-2 producer protein) activity is required for formation of 
mature biofilms and fruiting bodies (Lombardía et al., 2006). Interestingly, Spo0A-P, 
which is a central protein controlling EPS production and biofilm formation, 
down-regulates AI-2 production. Also, Ren et al. (2002) reported the AI-2 quencher 
halogenated furanones inhibited both biofilm formation and swarming motility for B. 
subtilis, further suggesting the important role played by QS along other control 
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pathways in the formation of mature biofilms.  
 
Role of QS in other bacteria biofilm formation 
Deltaproteobacteria Myxococcus xanthus has been well studied for its social behavior 
both in swarming motility and biofilm formation (Steinburg and Kolodkin-Gal, 2015). 
Both functions depend on Type-IV pili motility and EPS production, which is very 
similar to the biofilm, EPS and motility interactions found in P. aeruginosa. 
 
The degS/degU/comFA operons found in B. subtilis have also been identified in some 
other Gram positive bacteria like Bacillus amyloliquefaciens and Bacillus 
licheniformis, which suggest similar roles in QS and biofilm formation are played in 
these bacteria (Murray et al., 2009). The competence factor, which functioned as one 
of the autoinducers for B. subtilis, was also reported in Streptococcus mutans and is 
essential for its mature biofilm formation (Li et al., 2002). 
 
For EPS protein/polysaccharides production providing scaffold for cell adhesion and 
biofilm initiation, evidence has been found in Staphylococcus aureus with its biofilm 
associated protein Bap and SasG, and fibronectin binding protein FnBPA and FnBPB 
(O'Neill et al., 2008). Similarly, the pathogen Vibrio cholerae also produced EPS 
proteins: RbmA, RbmC, and Bap1 and EPS polysaccharides VPS during biofilm 
development (Fong et al., 2010). V. cholerae is remarkable to be one of the few 
bacteria reported to have a negative QS control loop for biofilm / EPS and virulence 
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factor production (Hammer and Bassler, 2003). The negative control, which included 
stopped EPS and virulence factor production and enhanced protease production so 
that cells would be detached from the biofilm, is ecologically beneficial to the 
pathogenic bacteria since the high cell density likely occurred during infection stage 
and the bacteria would benefit more from being purged from the host’s intestines as 
free cells, therefore enabling the bacteria to invade new hosts quickly. 
 
Lastly, relationship between biofilm formation and the AI-2 quencher has been 
studied on E. coli, which González Barrios et al. (2006) found that the autoinducer 
AI-2 up-regulated both motility (motility operon qscBC) and biofilm formation of E. 
coli through regulatory protein B3022. A similar up-regulatory autoinducing function 
in motility and EPS production by AI-2 has also been reported for B. subtilis 
(Lombardía et al., 2006). 
 
Summary 
Based on the above review on bacterial biofilm formation process, it can be 
understood that biofilm formation is a complex metabolic process involving activation 
and suppression of multiple signal molecules, genes, proteins and pathways. Majority 
of the literature data supported the positive role played by QS in motility, EPS and 
biofilm formation. New signal molecules with autoinducing properties not included in 
the conventional classes of autoinducers (i.e., AHL, AI-2, AIP) are being discovered 
to be involved in EPS production and biofilm formation, and likely there are many 
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more pathways still undiscovered. It is very possible that current knowledge of QS 
systems and quenchers are inadequate to describe majority of complex cellular 
processes. Fundamental research into role of signal molecules, not just limited to 
conventional classes of autoinducers, in social behavior of common bacterial species 
encountered in wastewater treatment will help to reveal a clearer picture of biofilm 
formation and fouling mechanisms in MBRs. 
 
2-2-5. Disruptions of QS systems with quorum quenchers 
Quorum quenchers, also known as QS inhibitors (QSIs), disrupted one or several 
steps of the QS loops, therefore inhibited subsequent EPS production, motility and 
biofilm formation due to QS. Due to extensive research into AHL based QS systems, 
it is not surprising most of the known quenchers target at AHLs (Daniels et al., 2004). 
Acylases and lactonases are well-recognized QQ enzymes for AHLs, causing 
hydrolysis of amide bond and opening of lactone ring, respectively, on the AHL 
molecules and inactivated the autoinducers (Yeon et al., 2009; Paul et al., 2009). 
Acylase and lactonase production has been observed to be prevalent in humans (such 
as serum PONs) and many mammalian species, and it is hypothesized one of the 
functions of these enzymes is disruption of pathogenic bacteria QS (Yang et al., 
2005). 
 
For non-enzyme based quenchers, halogenated furanones extracted from the red algae 
Delisea pulchra have been identified as a potent quencher for both AI-2 and AHLs 
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(Manefield et al., 1999; Ren et al., 2001 and 2002; Hentzer et al., 2002). Other plant 
extracts such as vanillin, ursonic acid and garlic extracts have also been recognized as 
QQ, mostly for AHLs (Ahsan et al., 1996; Al-Ghonaiem et al., 2009; Ren et al., 2005; 
Ponnusamy et al., 2009; Kappachery et al., 2010; Choo et al., 2006). Active QQ 
compounds of most plant extracts are not defined, however, except for a few 
recognized compounds such as vanillin. In engineering applications, using quenchers 
directly lacks sustainability. For example, these small molecular quenchers will travel 
freely across MBR membranes and thus need to be replenished constantly to be 
effective. 
 
Recently, QQ bacteria have received substantial attention for MBR applications, with 
their distinct advantage of being retained by the MBR membranes and hence the 
operation time can be extended greatly with a finite amount of cells added in. The 
presence of lactonase and acylase activities in the bacterium kingdom is prevalent. 
The Gram positive, endospore forming B. cereus and its three close relatives, B. 
thuringiensis, B. anthracis and B. mycoides, produced a QQ lactonase AiiA that could 
degrade multiple AHLs of different side chain lengths and substitutions (Dong et al., 
2002). Lactonase activity was also observed on Ochrobactrum spp. (Mei et al., 2010) 
and Microbacterium testaceum (Wang et al., 2010) with the enzymes named AidH 
and AiiM, respectively. Even the AHL-producing A. tumefaciens produced a 
functional lactonase AiiB, (Liu et al., 2007), which surprisingly did not impact the 
conjugation Ti-plasmid transfer QS activity of A. tumefaciens cells themselves. On the 
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other hand, P. putida, a species commonly found near the rhizosphere, was reported to 
show lactonase-like QQ activity and suppressed its own AHL autoinducers through a 
true QS loop (Fekete et al., 2010). 
 
For acylase, the well-studied P. aeruginosa produced an acylase QuiP. For both P. 
aeruginosa and P. putida, the quenchers directly targeted at the autoinducer signals 
produced by the bacterial cells to enforce tight control of autoinducer levels instead of 
a run-away autoinduction response. It is likely that tight control is need for these 
bacteria as adaptation of their lifestyles of living inside or close to a eukaryote host. 
Suppressing autoinducer production would prevent unnecessary hostile host 
responses. 
 
Finally, Bacillus megaterium Cytochrome P450 CYP102A1, which previously was 
known to only oxidize fatty acids, also had potent quenching activity through both 
acylase and lactonase-like activities, and this could lead to discovery of new 
degradation mechanisms of AHL molecules (Chowdhary et al., 2007). 
 
2-2-6. Detection of autoinducers and quenchers 
Currently, detection of autoinducers mostly would require multi-step microbiological 
works through recombinant DNA cloning, plasmid construction and transformation of 
host bacteria to obtain QS reporter strains (Cook et al., 1997). Faster, simpler, more 
cost-effective methods were lacking. For good accuracy, the host bacteria usually 
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needed to be modified to stop producing their own autoinducers. Autoinducer signal 
molecules were reported based on one of the following detectable signals: 
β-galactosidase production, light production, green fluorescence protein production or 
violacein pigment production (Steindler and Venturi, 2006). For improved sensitivity, 
the samples were extracted into the organic phase and potential autoinducers were 
separated by reverse phase thin layer chromatography (TLC), afterwards overlaid 
with agar containing the reporter strains (Shaw et al., 1997). On the other hand, 
quencher detection could be much simpler with normal QS bacteria as reporter 
strains. 
 
2-2-7. Engineering applications of QQ for membrane fouling control 
The AHL degrading enzyme acylase was first proposed for biofouling control on RO 
membranes due to involvement of QS in biofilm formation, and reduced biofilm 
formation of Aeromonas hydrophila and P. putida (Paul et al., 2009). Since then, both 
the free enzyme and immobilized enzyme on magnetic enzyme carriers have shown to 
reduce fouling in membrane bioreactors (Yeon et al., 2009), and later in nanofiltration 
systems (Kim et al., 2011). Recently, QQ property of vanillin was also evaluated in 
MBRs (Nam et al., 2015). Although these quenchers were able to reduce fouling, they 
are unsustainable especially in membrane filtration systems and current focus has 
been shifted on using QQ bacteria. A novel QQ bacteria (Rhodococcus, spp.) had been 
isolated from sludge samples, after enrichment on a medium supplied with AHL-only 
carbon source (Oh et al., 2012). This QQ bacteria was evaluated further for MBR 
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fouling control in various immobilization carriers including cell entrapping beads 
(Kim et al., 2013), microbial vessel (Oh et al., 2012) and rotating microbial carrier 
frames (Köse-Mutlu et al., 2015), which showed good fouling reduction potential in 
terms of delaying onset of fouling (TMP jump) as well as decreasing EPS/SMP in the 
reactor mixed liquor. 
 
2-3. The EMMC (entrapped mixed microbial cell) Process 
To utilize QQ bacteria in MBRs for long-term sustainable operations, one important 
strategy is cell immobilization to restrict the cells and prevent gradual decrease of QQ 
bacteria population. One of the immobilization techniques is through EMMC 
(entrapped mixed microbial cell) bioballs formed by entrapment of cells in cellulose 
triacetate (CTA) polymeric gel matrix (Yang et al., 1988). The CTA EMMC bioballs 
were normally prepared by mixing wet cells with CTA dissolved in dichloromethane, 
loaded into a carrier, followed by rapid solidification/hardening of the polymer matrix 
in toluene. The EMMC immobilization process started as an enhanced treatment 
process for difficult-to-treat or toxic wastewater containing, for example, phenols and 
related compounds. The longer SRT due to cell immobilization improved ability of 
the cells to metabolize toxic compounds and the CTA gel layer provided a protective 
barrier against toxic compounds for the immobilized cells (Yang and See, 1991). The 
hard CTA polymer also provided necessary mechanical strength to be used in an MBR 
reactor and this was an advantage over other softer polymers, for example, alginate 
gels. Interestingly, the EMMC was initially evaluated with pure culture, such as one 
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of the QQ bacteria P. putida (Bettmann and Rehm, 1985) before moving on to using 
current mixed culture for treating wastewater containing toxic substances, or 
combined aerobic/anoxic/anaerobic treatment processes facilitated by the limited 
availability of oxygen inside the polymer matrix (Liu et al., 2013). 
 
Besides cellulose triacetate, other polymers can also be used for cell immobilization. 
Examples include alginate, chitin, k-carrageenan and polyacrylamide (Kierstan and 
Coughlan, 1985; Woodward, 1988; Cassidy et al., 1996). The soft calcium alginate 
gel was the immobilization polymer for the cell entrapping beads (CEBs) evaluated 
for fouling control using QQ bacteria (Kim et al., 2013). 





Materials and Methods 
 
 
3-1. Cell Culture 
Wild-type strains of E. coli (ATCC25922), A. tumefecians (ATCC33970) and B. 
subtilis (ATCC19659) were kindly provided by Hwa Chong Research Institute. These 
strains were selected as motility assay reporting bacteria due to their QS systems 
covered major autoinducer types (AHL, AI-2, AIP). Therefore their responses towards 
quenchers could represent most of the microbial population in the MBR mixed liquor. 
Wild-type strains of P. putida (ATCC12633) and B. cereus (ATCC14579) were 
purchased from American Type Culture Collection (ATCC). The cell cultures were 
incubated and maintained based on ATCC recommended protocols. The cell lines 
were maintained on Miller Lysogeny-broth (LB) agar plates (containing 1.5% w/v 
Agar, No.3, 1% tryptone soy broth (TSB), 0.5% yeast extract, 1% NaCl) at 4°C. 
Exponential growth phase cultures were obtained by incubation in 200-ml LB 
medium broth (1% TSB, 0.5% yeast extract, 1% NaCl) at 30°C overnight in a shaking 
incubator. The broth cultures were kept in conical flasks in the incubator and 
refreshed with 100-150 ml of fresh LB medium every 14 days to refresh its biological 
activities. 
 
Pure culture condition (absence of contamination) was checked by streaking diluted 
Chapter 3  Materials and Methods 
46 
 
broth (1:10 in 1X PBS buffer) on small LB agar plates, also at interval of every 14 
days. The plates were paraffin sealed and incubated for 24 hours at 30°C. Pure culture 
condition was confirmed by uniformity of streaked colonies and absence of 
abnormally grown colonies. The plates prepared this way also served as future master 
plates for the cell line. Typically, the master plates stored at 4°C would remain viable 
for at least 1 month, and even longer for Gram positive bacteria (B. subtilis and B. 
cereus) due to their ability to switch to endospore form if encountering unfavorable 
growth conditions. Any contaminated broths (normally due to compromised stoppers 
on the conical flasks) would be discarded and the cells would be re-inoculated from 
previously kept master plates. 
 
3-2. Ethanoic Plant Extract and Other Quencher Solution Preparation 
Protocols for ethanoic plant extract were adapted from methods described by 
Jakobsen et al. (2012), Al-Ghonaiem et al. (2009), Sybiya et al. (2012) and TimTec, 
Inc. 50-100 g of plant samples of garlic (Allium sativum), tao ren/peach kernel 
(Persicae Semen), jiang huang/turmeric (Curcuma longa L.), dang gui (Angelica 
sinensis), ginger (Zingiber officinale) and onion (Allium cepa) were purchased from 
local supermarkets or traditional Chinese medicine shops. If samples were not already 
dried, they would first be cut to small slices or pieces and dried in an oven overnight 
first. The dried samples were grounded to powdered form with a kitchen grinder, and 
mixed with anhydrous ethanol in 1:8 weight ratio. The mixture was then stirred on a 
magnetic stirrer for 72 hours. After a coarse filtration through Whatman 100 filter 
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paper, the mixture was reduced in volume by a rotary evaporator (IKA RV10, 60°C, 
150 mbar vacuum), followed by further volume reduction in an oven at 50°C for 
another 24 hrs. The concentrated extracts, either in solid or viscous liquid form, were 
weighed, followed by re-dissolving in appropriate amount of DIW. Concentrations of 
the extracts were noted in multiples of “X”, where 1X was equivalent to 100 mg dried 
extracts dissolved in 1L DIW. Concentrations of the prepared extracts ranged from 
20X to 200X. The extracts were then sterile-filtered through a 0.2-µm syringe filter 
and kept at 4°C prior to usage. 
 
Vanillin and porcine kidney acylase I have been recognized for their QQ properties 
against AHLs (Ponnusamy et al., 2009; Kappachery et al., 2010; Choo et al., 2006; 
Yeon et al., 2006). They were used as positive controls in this study. Both chemicals 
were purchased from Sigma-Aldrich. 50X (5,000 mg/l) vanillin aqueous solution was 
prepared as a stock solution by dissolving 0.5 g of vanillin in 100 ml of DIW. For 
acylase I, stock solution of concentration 25X (2,500 mg/l) was prepared in 0.1M 
KH2PO4 as per manufacture’s instruction. Both solutions were sterile-filtered through 
0.2-µm syringe filters and kept at 4°C prior to usage.  
 
3-3. MBR Reactors 
Schematics of the MBR reactors used in this study are shown in Fig. 3-1. The reactors 
were fabricated by a local contractor (UFO Glass). They were cylindrical glass reactor 
with diameter about 11 cm and height about 18 cm, and an effective volume of about 
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1 L. The reactors had a removable lid, which remains attached to the main cylinder 
during operation, that has 3 ports which can be used for influent, effluent and air 
diffuser lines. Three reactors (i.e., R1, R2, R3) were run in parallel, each with a 
separate permeate tank of volume 5 L, but shared 2 feed tanks of 10 L each during 
operation. The reactor area setup photos are shown in Fig. 3-2 (Pumps, reactors, 
permeate tanks at the back) and Fig. 3-3 (Feed tanks). Process air passed through an 
air flow meter and an air diffuser (a 15 cm aquarium type diffuser, shaped into 
circular shape to fit inside the reactor bottom) to provide aeration to the MBR 
reactors. 
 
Fig. 3-1: Reactor Schematics 




Fig. 3-2: Reactor area setup: pumps and reactors. The effluent tanks are hidden at the back 
 
 
Fig. 3-3: Reactor area setup: feed tanks sitting on magnetic stirrers 
 
Each membrane module/plate used in this study of the dimensions of 10.5 cm (length) 
x 11.5 cm (height). A permeable fabric served as a support layer. On each side of the 
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plate, a GE® polysulfone (PES) microfiltration (MF) membrane (pore size 0.45µm, 
Catalog No. S04WP00010) of dimensions 9.5 cm (length) x 10.5 cm (height) with 
effective area 0.01 m2 was attached. Total effective membrane area was 0.02 m2. The 
reactors used digital periplasmic pumps (LongerPumps® BT100-2J) for feed and 
suction. A control box with a timer was used on the suction line to provide 8 min on 
and 2 min off (relaxation) cycles. The relaxation cycles prevented rapid buildup of 
trans-membrane-pressure (TMP), which is a standard protocol in running MBRs. 
 
Synthetic wastewater with formulation listed in Table 3-1 was used as the feed. The 
formulation was based on synthetic wastewater used by Albert et al. (2010) with 
slight modification. The formulation added low concentration (2 g/l) of yeast extract 
in order to promote growth of QQ bacteria in the reactors, as well as to increase 
bio-diversity. Yeast extract has also been added in synthetic wastewater formulation 
from a few other sources. Due to rapid degradation of glucose by airborne 
microorganisms, the synthetic wastewater was prepared fresh each day or every 2 
days. Activated sludge collected from a local wastewater treatment plant (Ulu Pandan) 
was used to seed the mixed liquor for all the 3 MBRs. The MBRs were loaded with 
sludge and ran continuously for approximately 30 days (i.e., 3 SRTs) to acclimatize 
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Table 3-1: Synthetic wastewater formulation 
 
Composition Concentration (in mg/l) 
Glucose 470 
Yeast extract 20 
Sodium bicarbonate 180 
Ammonium bicarbonate 120 
Sodium chloride 200 
Potassium dihydrogen phosphate 28 
Iron (III) chloride heptahydrate 14 
Magnesium sulphate 6.3 
Calcium chloride hexahydrate 5 
Cobalt (II) chloride hexahydrate 4 
Sodium molybdate 1 
 
The operation of the MBRs can be divided into 2 phases. In phase 1, the QQ bacteria 
were dosed directly into the reactors in pure culture form. In phase 2, the QQ bacteria 
were entrapped in EMMC CTA bioballs and the bioballs were loaded in the reactors. 
Process parameters, dosing strategies and fabrication process for the EMMC bioballs 
were presented in more detail in the following Section 3-4 and Section 3-5 for phase 1 
and phase 2, respectively.  
 
3-4. Reactor Operation for Phase 1: Dosing Pure Culture QQ Bacteria 
Process parameters for phase 1 are listed in Table 3-2. A SRT of 10 days was achieved 
by removing sludge from the reactor at a rate of 100 ml/day. A HRT of 8 hours was 
maintained by setting feed and effluent pump RPM at 10 and 12, respectively, 
although some manual adjustment for feed pump RPM was needed based on water 
levels. The 8-min on + 2-min off suction cycle was maintained by using a control box 
with a timer on the effluent pump power line. 




Table 3-2: Process parameters for phase 1 
 
Parameter Values 
Sludge Type Activated Sludge 
Volume 1.0 L 
Aeration 0.6 l / min 
pH 7.5 +/- 1.0 
SRT 10 days 
HRT 8.0 hours 
Flow Rate 2.17 ml / min 
Membrane Area 0.02 m2 
Flux 6.5 l / (m2hr) 
Suction Cycle 8-min on + 2-min off 
 
The 2 QQ bacteria, B. cereus (ATCC14579) and P. putida, (ATCC12633) were chosen 
to evaluate their fouling reduction impact on MBR membranes through QQ. B. cereus 
is a Gram positive bacterium known to produce lactonase enzymes from its aiiA gene, 
which breaks down AHLs into homoserines and lactones (Dong et al., 2002). P. 
putida is a Gram negative bacterium belonging to the class Gammaproteobacteria and 
is known to possess lactonase-like activity by quenching its own produced AHLs 
(Fekete et al., 2010). Two litres of pure culture of each QQ bacteria was maintained 
on LB medium in large flasks on magnetic stirrers. Every 7 or 14 days, 25 ml of pure 
cultures were withdrawn from these broths and dosed into the reactor mixed liquor. 
Reactor 1 (R1) was the control reactor and did not receive any dosing. Reactor 2 (R2) 
was dosed with 25 ml of B. cereus for each dosing. Reactor 3 (R3) was dosed with 25 
ml of P. putida for reach dosing. Dosing frequency was shorter at the beginning to 
facilitate growth of QQ bacteria in the mixed liquor. 
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The main mixed liquor parameters monitored were mixed liquor suspended solids 
(MLSS), volatile suspended solids (VSS), extracellular polymeric substances (EPS, 
separated into protein and polysaccharides fractions) and soluble microbial products 
(SMP). In addition, mixed liquor samples were also taken monthly to analyze changes 
in bacteria community structure through DNA sequencing. The main effluent qualities 
monitored were chemical oxygen demand (COD), ammonium, nitrite, nitrate and total 
phosphate to compute COD, nitrogen and phosphorous removal percentages. Effluent 
samples were also taken for swimming motility assays to assess the presence of 
quenchers or autoinducers. 
 
In this phase, membranes of all the 3 reactors were chemically cleaned when any one 
of them had its TMP value reached 80 kpa. The chemical cleaning marked the end of 
a “cycle” and there were total 4 cycles in phase 1. Chemical cleaning of the 
membranes were conducted by soaking the membranes in 1:10 diluted bleach 
overnight (0.5% hypochlorite solution). 
 
3-5. Reactor Operation for Phase 2: Preparation of EMMC Bioballs and Running 
Reactors with EMMC Bioballs 
Bioballs were prepared from pure culture of B. cereus or P. putida or sludge taken 
from a long-running aerobic MBR in the lab. Preparation followed protocols 
described by Yang and See (1991) and Yang et al. (1997) for making cellulose 
triacetate (CTA) entrapped mixed microbial cell (EMMC) bioballs. In brief, pure 
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culture broth was centrifuged at 9,000 rpm (4°C, 10 mins) and decanted to obtain wet 
cells. This was followed by mixing wet cells in pre-dissolved CTA (cellulose 
triacetate) in dichloromethane. The mixture was loaded in empty carriers and 
hardened with toluene, followed by washing thoroughly in DIW (6 times) and 1X 
PBS to completely remove the solvents. The bioballs were afterwards incubated in 
200 ml of LB medium for a week to revitalize the cells before loading into the 
reactors. The cells would start growing in the LB medium typically after 3 days. 15 
bioballs each were prepared for mixed culture (sludge), B. cereus and P. putida, and 
they were loaded into R1, R2 and R3, respectively. The wet weights of the bioballs 
before loading into the reactors and at the end of the run were measured to assess their 
stability in the reactors. 
 
Phase 2 comprised a low flux phase and a high flux phase. In the low flux phase, the 
process parameters and membrane cleaning protocols were the same as for phase 1. 
The process parameters for the high flux phase are listed in Table 3-3.  
 
Table 3-3: Process parameters for phase 2, high flux phase 
 
Parameter Values 
Sludge Type Activated Sludge 
Volume 1.0 L 
Aeration 0.6 l / min 
pH 7.5 +/- 1.0 
SRT 10 days 
HRT 5.33 hours 
Flow Rate 3.27 ml / min 
Membrane Area 0.02 m2 
Flux 9.8 l / (m2hr) 
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Suction Cycle 8-min on + 2-min off 
 
In the high flux phase, suction pump RPM was increased by 50% to 18. The new flux 
became 9.8 l / (m2hr) and new HRT was reduced to 5.33 hours. A new membrane 
cleaning protocol was used, which would clean any membrane as soon as its TMP 
reached 80 kpa, to generate fouling trends showing all reactors reaching same 
threshold fouling values at different operating periods. 
 
The same process parameters were being monitored for phase 2 mixed liquor and 
effluents (i.e., MLSS, VSS, EPS, SMP, COD, ammonium, nitrite, nitrate and total 
phosphorous). In addition, the mixed liquor samples were taken for community 
structure study for FISH (fluorescence-in-situ-hybridization) through oligonucleotide 
probes targeting 16S or 23S rRNA genes. Mixed liquor samples were also taken for 
swimming motility assays to assess their QS enhancing or QQ properties. 
 
3-6. Motility Assays for Plant Extracts, Reactor Effluent, Reactor Mixed Liquor and 
AHL 
The motility assays were the main assays used to verify the presence of quencher and 
autoinducers in this study. Swimming and swarming assays were adapted from 
protocols described by Atkinson et al. (2006). Swimming assays were conducted for 3 
motility reporting bacteria species: E. coli (ATCC25922), A. tumefaciens 
(ATCC33970) and B. subtilis (ATCC19659), while swarming assays were conducted 
only for E. coli (ATCC25922) and B. subtilis (ATCC19659). These bacteria were 
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chosen based on their well-recognized motility aspect as reported in the literature 
(Budrene and Berg, 1991; DiLuzio et al., 2005; An et al., 2006; Ghelardi et al., 2012) 
 
To prepare swimming plates from 6 plant extracts and 2 other quenchers (vanillin, 
acylase I), varying amount of extracts/quenchers were added to sterilized warm 
swimming agar, which consisted of 1% w/v NaCl, 0.5% yeast extract, 1% tryptone 
soy broth (TSB) and 0.4% Agar No. 3. The agar was thoroughly mixed before being 
poured into the plates. Final extract/quencher concentration in the agar plates varied 
from 10-100 mg/l. Cells from late exponential phase were diluted (1:4 with 1X PBS) 
and inoculated under the agar surface using sterilized tooth picks, by transferring 
small amount of cell broth onto the tooth picks, followed by piercing the agar surface 
with the tooth picks until a fixed distance beneath the agar surface was reached. The 
plates were sealed with paraffin and incubated at 30°C for 24 hours. Radii of 
swimming cells (manifested as cloudy region with diffusive boundary) were recorded 
as swimming radius. Plates with DIW added were used as controls. 3 replicates were 
performed for each condition. 
 
Swarming plates were prepared similarly except the agar concentration was 0.7% 
instead. During inoculation, 1 µl of diluted cells (dilute 1:4 with 1X PBS) were 
inoculated on top of agar surface, near the center. The plates were incubated similar to 
swim plates and radii of swarming cells (manifested as reflective surface colony with 
clear boundary, often with swirling colony, especially for B. subtilis) were recorded as 
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swarming radius. 3 replicates were performed for each condition. 
 
Swimming assays for reactor effluents were conducted by preparing a 2X 
concentrated, sterilized swim agar solution (2% w/v NaCl, 1% yeast extract, 2% 
tryptone soy broth (TSB) and 0.8% Agar No. 3) first. The effluent samples and DIW 
were steriled by a 2-pass filtration process: a 0.45-µm syringe filter followed by a 
0.2-µm syringe. Afterwards, equal volume of steriled effluent and DIW were mixed 
and pre-warmed in a water bath. The mixture containing 50% effluent was then mixed 
with equal volume of warm 2X swim agar to make a final 1X swim agar with 25% 
effluent. After the agar solidified, the cells were inoculated similar to the swim agar 
plates for plant extracts as discussed above. 
 
Swimming assays for reactor mixed liquor were conducted similar to effluents, except 
the samples were first centrifuged at 9,000 rpm (4°C, 10 mins) and the top clear 
supernatant was collected, sterile-filtered and mixed with sterile DIW. The final 
effluent concentration used in this study was 10%. 
 
Swimming assays for C8-HSL (an AHL that enhanced swimming motility of A. 
tumefaciens) was conducted as follows: 10 mg of C8-HSL (iDNA Biotechnology) was 
dissolved in 1 ml of DMSO (dimethyl sulfoxide) to obtain 10 mg/ml of stock solution, 
as per manufacturer’s instruction. 80 µl of the stock solution was first mixed with 40 
ml of warm sterilized DIW, followed by again mix with equal volume of warm 2X 
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swim agar to make a final AHL concentration of 10 mg/l. The agar was then poured 
and inoculated with A. tumefaciens similar to other swim plates. 
 
3-7. Growth Inhibition (Antibacterial) Assays 
Growth inhibition assay was based on the disc diffusion method (World Health 
Organization, 2002). Sterile paper discs were prepared from punching No.1 Waterman 
Paper, followed by autoclaving. The paper discs were soaked in small bottles loaded 
with either extract, quencher, (each would be 100 mg/l in concentrations) DIW 
(negative control), reactor effluent or 5% bleach (positive control) for 2 days. Diluted 
cells in late exponential phase were inoculated evenly on 3.8% MHA agar plates using 
L-shaped cell spreaders, followed by placing soaked filter paper discs prepared earlier 
on the agar surface. The plates were paraffin-sealed and incubated at 30°C for 24 
hours and the radii of growth inhibition were measured. 
 
3-8. Membrane Coupon Biofilm Assay 
The membrane coupon biofilm assay was based on the method described by 
Vanysacker et al. (2013). GE polysulfone (PES) microfiltration membrane with a 
nominal pore size 0.45 µm (GE, S04WP00010, same membrane used in the MBR 
reactors) was cut to coupons approximately 7 cm x 2 cm in dimension, coiled and 
placed inside sterile 20-ml metal-capped glass bottles. The membranes were coiled in 
such a way that the active side faced inward towards the cells, while the non-active 
side faced against the glass walls. The membrane coupons were placed vertically 
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inside the glass bottles to minimize cell sedimentation. 10 ml of 1X PBS, 
extracts/quenchers (with a final concentration of 50 mg/l) and 2-ml diluted overnight 
cells were added to each bottle. The bottles were incubated at 30°C for 24 h in a 
shaking incubator (80 rpm). After incubation, each bottle was gently washed with 1X 
PBS for 2 times to remove planktonic cells. The membrane coupons were transferred 
to sterile petri dishes and biofilm cells were harvested from the active side of the 
membrane coupon using a cell scrapper. The cells were afterwards transferred to 
another sterile bottle with 10 ml of 1X PBS added. 
 
Cell density was estimated through viable cell count. A serial-dilution of the bottle 
containing 1X PBS and cells scrapped off the biofilm was performed (For counting 
biofilms, 3-4 serial dilutions were sufficient). 100 µl culture of each serial dilution 
bottle was pipetted on 90-mm LB agar plates, with the cells spread out using a 
rotating disk/cell spreader. The plates were incubated at 30°C for 24 h and the 
colonies were counted. Plates with colony counts in the 30-300 range were used to 
back-calculate cell density on the original membrane coupon. 
 
3-9. Pollutant Removal (Chemical Oxygen Demand, Total Nitrogen, Total 
Phosphorous) 
Samples for reactor effluents were analyzed for COD, TN and TP removal using 
colorimetric methods with HACH kits and a spectrophotometer (HACH DR5000), 
following protocols provided by the vendor, HACH. The spectrophotometer reported 
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COD, ammonium, nitrite, nitrate and TP concentrations in the effluent samples 
directly. TN was computed from overall concentration ammonium, nitrite and nitrate 
concentrations. The same set of analysis was also conducted on the synthetic 
wastewater. Pollutant removal percentages by each reactor were computed by 
calculating pollutant reduction percentages between the reactor effluents and synthetic 
wastewater. 
 
3-10. Mixed Liquor Characteristics (MLSS, VSS, EPS, SMP) 
Samples for mixed liquor were taken weekly and analyzed for MLSS, EPS and SMP. 
Analysis method for MLSS was based on Method 2540D, Total Suspended Solids 
Dried at 103-105°C, and for VSS was based on Method 2540E, Fixed and Volatile 
Solids Ignited at 550°C (Standard Methods for Examination of Water and 
Wastewater). EPS and SMP extraction followed the heat extraction method described 
in the MBR Book. Modified Lowry’s method and phenol-sulfuric method was used to 
analyze protein and polysaccharides concentrations, respectively, in the EPS and SMP 
samples (Lowry et al., 1951; Dubois et al., 1956). A set of BSA standard solutions 
and glucose standards solutions (both ranged from 0-100 mg/l) was used to establish a 
calibration curve for the proteins and polysaccharides, respectively. 
 
 
3-11. DNA Sequencing 
DNA sequencing was used to analyze mixed liquor community structure in phase 1. 
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MO BIO PowerSoil DNA Extraction Kit (12888-100) was used to extract DNA from 
mixed liquor samples, following protocols provided by the manufacturer. Samples 
from 4 different time points (April, May, June, July 2015; and April was in the 
baseline period when there was no dosing of QQ bacteria) were selected for DNA 
extraction to establish a time evolution change during the course of operation in phase 
1. 16S rRNA gene sequencing was conducted by an external DNA sequencing 
laboratory. The sequences (approximately 6000 sequences per sample, provided in 
de-multiplexed barcode-less .fasta format) were grouped to respective OTUs 
(operational taxonomy units) and assigned relevant taxonomy with QIIME® 
sequencing software package, using built-in script pick_open_reference_otus.py with 
default settings except minimum valid OTU# set to 1 (Caporaso et al., 2010). This 
script utilized uclust for picking OTUs, PyNAST for sequence alignment, Greengenes 
core database (ver. 12_10) as reference sequences and RDP Classifier 2.2 for 
assigning taxonomy (Edgar, 2010; Caporaso et al., 2010; DeSantis et al., 2006; 
McDonald et al., 2012; Werner et al., 2012; Wang et al., 2007). Relative abundance of 
major bacteria groups (i.e., Alpha, Beta, Gamma, Delta-Proteobacteria and 
Bacteroidetes) in the mixed liquor samples were computed after summing abundance 
of all relevant taxonomy at class level. 
 
 
3-12. Fluorescence-in-situ-hybridization (FISH) 
FISH was used to analyze mixed liquor community structure in phase 2 high flux 
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phase, and was also used to visualize morphological features of mixed liquor samples. 
The procedures were based on methods described by Amann (1995) and also used by 
Huang (2005). Oligonucleotide probes used for detecting classes of Proteobacteria 
phyla commonly encountered in water and wastewater environment (i.e., Alpha, Beta, 
Gamma, Delta-Proteobacteria) were based on probes used by Miura et al. (2007) and 
Wagner et al. (1993). The oligonucleotide probes were synthesized by Sigma-Aldrich 
and were modified with fluorophore 6-FAM (Green) or Cyanine-5 (Red) at the 5’ end. 
The list of oligonucleotide probes used in this study with fluorophore modifications 
are listed in Table 3-4. 
 
Table 3-4: FISH Oligonucleotide probes used in this study with their fluorophore 
modifications at the 5’ end 
 
Target Group Probe 
Name 
Probe Sequence (5' to 3') Modification 
at 5' 
Color 
Alphaproteobacteria ALF1b CGTTCGYTCTGAGCCAG [6-FAM] Green 
Betaproteobacteria BET42a GCCTTCCCACTTCGTTT [6-FAM] Green 
Gammaproteobacteria GAM42a GCCTTCCCACATCGTTT [6-FAM] Green 
Deltaproteobacteria SRB385 CGGCGTCGCTGCGTCAGG [6-FAM] Green 
Deltaproteobacteria SRB385Db CGGCGTTGCTGCGTCAGG [6-FAM] Green 
Eubacteria EUB338 GCTGCCTCCCGTAGGAGT [Cyanine5] Red 
Planctomycetes EUB338-II GCAGCCACCCGTAGGTGT [Cyanine5] Red 
Verrucomicrobia EUB338-III GCTGCCACCCGTAGGTGT [Cyanine5] Red 
 
Basically, ethanol-cleaned 6-well Teflon-coated glass slides were first coated with 
0.01% Poly-L-lysine solution (Sigma-Aldrich) for 5 min to enhance adhesion of the 
cells. 1.5 ml of mixed liquor samples were loaded in a collection tube and centrifuged 
(10,000 g, 1 min) to remove supernatant. The mixed liquor sample was fixed with 750 
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µl of 4% paraformaldehyde solution. After fixation overnight, the paraformaldehyde 
solution was removed after centrifugation, and the sample was washed with 1X PBS 
for 3 times to removal the residue formaldehyde. The cells were then re-suspended in 
equal volume of 50% ethanol (with vigorous shaking to completely suspend the cells) 
and stored at 4°C prior to usage. Depending on the cell concentration, less volume of 
ethanol may be used to increase the concentration of cells on the slides. On each well 
of Poly-L-lysine coated slides prepared earlier, 2 µl of fixed sample was applied on 
the center of well. The slides were first air-dried for 1 h, followed by drying in an 
ethanol gradient series (i.e., 50%, 75%, 90%, 100% for 3 min each) to completely 
displace the water. Four slides were prepared for each sample for hybridizing Alpha-, 
Beta-, Gamma-, Delta- Proteobacteria, respectively. 
 
The DNA oligonucleotide probes were first dissolved in 1 ml of 1X TE buffer, 
afterwards diluted with appropriate amount of 1X TE buffer to form a working 
solution (0.5 µl of working solution contained approximately 50 ng probe). 200 ml of  
2.5X Pre-FA (formamide) (23.69 g of NaCl, 0.05 g of SDS, 100 ml of 0.1M Tris-HCl 
(pH 7.2) and 100 ml of DIW) buffer was first prepared, followed by adding 
appropriate amount of formamide and DIW to make the following FA buffers: 20FA, 
35FA-A (both 25% more concentrated than the final hybridization solution) and 
35FA-B (33.3% more concentrated than the final hybridization solution). 20 µl of 
each probe was mixed with corresponding FA solutions to make a 0.4-ml final 
hybridization solution. 10 µl of mixed probe was loaded onto each well of the slides, 
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according to following: 
Slide 1 (Alphaproteobacteria): ALF1b + EUB338 + EUB338-II + EUB338-III (20µl 
each) / 320µl 20FA 
Slide 2 (Betaproteobacteria): BET42a + EUB338 + EUB338-II + EUB338-III (20µl 
each) / 320µl 35FA-A 
Slide 3 (Gammaproteobacteria): GAM42a + EUB338 + EUB338-II + EUB338-III 
(20µl each) / 320µl 35FA-A 
Slide 4 (Deltaproteobacteria): SRB385 + SRB385Db + EUB338 + EUB338-II + 
EUB338-III (20µl each) / 300µl 35FA-B 
 
The final hybridization solutions had the following concentrations: ~ 50 ng of probe 
per 10 µl of solution, 0.9M NaCl, 20% or 35% formamide (FA), 20mM Tris-HCl (pH 
7.2) and 0.01% SDS. After adding the hybridization solutions, the slides were placed 
in sterile petri dishes, paraffin sealed and incubated at 46°C in the dark for 3 h. 
Afterwards, the slides were rinsed in 20 ml of pre-warmed (48°C) washing solution, 
(20mM Tris-HCl (pH 7.2), 20mM NaOH, 0.01% SDS) and incubated at 48°C in the 
dark for another 20 min. The slides were then rinsed with DIW water and dried, 
followed by applying a drop of antifade solution and a cover slide. To prevent slipping, 
clear fingernail polish was applied on the corners of the cover side. 
 
An Epi-fluorescence microscope (Olympus BX51) equipped with an argon laser 
(488nm, green) and a HeNe laser (633nm, red) was used to observe the slides. Ten 
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representative epi-fluorescence microscope images were captured for each sample 
well using Olympus DP Controller software. The red/green images were captured at 
the same location and combined using Olympus DP Manager to create composite 
images. Relative abundance of the bacterial class was determined from the green/red 
areas analyzed by ImageJ®. A threshold value was applied to the images to filter 
background noise. Due to much weaker fluorescence of the Cyanine-5 stain, a much 
lower threshold value was used on all red channel images. 
 
3-13. Membrane Biofilm (Biocake) EPS Extraction 
Fouled MBR membranes were destructively sampled for biofilm EPS extraction at the 
end of the run. The membranes were all washed gently with running tap water for 
approximately 30 seconds to remove loosely attached floc particles, followed by 
carefully cutting all membranes (both sides of the board) and placing the cut 
membranes in a clean 50-ml centrifuge bottle containing about 40 ml of 1X PBS. The 
biofilm was extracted with sonication for 15 min, afterwards the membranes were 
removed. This is followed by standard heat extraction and EPS analysis protocol as 
illustrated in Section 3-10. 
 









4-1. Impact of Plant Extracts/Quenchers on Motility of E. coli and A. tumefaciens 
 
4-1-1. Results 
Swimming motility assays were conducted on E. coli over six plant extracts (garlic, 
tao ren, jiang huang, dang gui, ginger and onion) and two positive control quenchers 
(acylase I and vanillin). Five different concentrations (10, 25, 50, 75 and 100 mg/L) in 
the agar were evaluated to verify the effect of quencher concentration on motility. 
Motility reductions were reported as relative motility reductions, with motility values 
for DIW as control (set as 100%) and motility values for extracts or quenchers 
normalized to DIW as percentages (for example, average swimming motility radii for 
DIW / E. coli was 85mm while average swimming motility radii for garlic extract (10 
mg/L) / E. coli was 61.3mm. Relative motility for garlic extract (10 mg/L) would be 
calculated as 72.2% and motility reduction would be 27.8%). Average motility 
reduction for the extract / quencher was computed from motility data over the entire 
concentration range (10-100 mg/L). As shown in Fig. 4-1, Fig. 4-2 and Table 4-1, 
significant swimming and swarming motility reduction were observed for all extracts 
except for tao ren (swarming motility). Average swimming motility reductions ranged 
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from 87.1% (ginger) to 50.5% (tao ren). Average swarming motility reductions ranged 
from 28.9% (ginger) to 5.8% (tao ren). Ginger, onion, dang gui and jiang huang were 
the 4 best quenchers based on average swimming and swarming motility reductions 
(average reductions were 58.0%, 52.6%, 52.0% and 40.8%, respectively). Swimming 
colonies with reduced radii (Fig. 4-3, b and c) and swarming colonies with reduced 
radii (Fig. 4-3, e and f) compared to the control (Fig. 4-3, a and d) can be observed 








Fig. 4-1: Swimming and swarming motility reduction by plant extracts on E. coli. The 
extracts were ranked by average relative swimming and swarming motility over the entire 
10-100mg/L range 
 
Fig. 4-2: Average swimming and swarming motility reduction by plant extracts on E. coli 
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Fig. 4-3: Inhibition of motility by ginger, onion and dang gui extracts on E. coli. a: DIW, 
Swimming (control) b: Ginger, Swimming c: Onion, Swimming d: DIW, Swarming (control) 
e: Ginger, Swarming f: Dang gui, Swarming. All extracts have concentration of 50mg/l in the 
agar plates 
 
For A. tumefaciens, only swimming motility assays were conducted since the bacteria 
did not possess swarming motility. This part used the same set of extracts and 
quenchers evaluated on E. coli. As shown in Fig. 4-4, Fig. 4-5 and Table 4-1, the best 
extracts for A. tumefaciens were very different from the best extracts for E. coli. 5 
extracts / quenchers produced significantly reduced motility: garlic, tao ren, jiang 
huang, dang gui and vanillin. The motility reductions ranged from 27.1% (vanillin) to 
15.1% (dang gui). Vanillin (positive control quencher for AHLs, which was first 
extracted from Vanilla planifolia), jiang huang and garlic extract were the most 
effective quenchers. The 2 most effective extracts (ginger and onion) for E. coli were 
not effective on A. tumefaciens. These observed differences were likely due to the fact 
that A. tumefaciens and E. coli used different autoinducers (AHLs for A. tumefaciens, 
AI-2 for E. coli) and the extracts were more effective against one particular type of 
autoinducer. 
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 A. tumefaciens E. coli E. coli B. subtilis B. subtilis 
 Swimming Motility Swimming Motility Swarming Motility Swimming Motility Swarming Motility 
Extract Reduction% p Reduction% p Reduction% p Reduction% p Reduction% p 
Garlic 18.8 0.01 60.9 0.00 13.7 0.00 75.0 0.00 49.3 0.00 
Tao Ren 16.0 0.00 50.5 0.00 5.8 0.22 87.1 0.00 21.3 0.05 
Jiang Huang 24.6 0.00 73.3 0.00 8.4 0.02 29.1 0.00 83.5 0.00 
Dang Gui 15.1 0.00 78.2 0.00 25.8 0.00 16.5 0.01 84.9 0.00 
Ginger -11.7 0.08 87.1 0.00 28.9 0.00 89.2 0.00 75.2 0.00 
Onion -4.2 0.68 82.3 0.00 23.0 0.00 86.8 0.00 85.9 0.00 
Acylase I -2.5 0.33 52.9 0.00 9.5 0.02 1.2 0.79 -25.0 0.00 
Vanillin 27.1 0.00 50.8 0.00 20.5 0.00 17.9 0.00 2.7 0.72 
Table 4-1. Summary of average bacterial motility percentage reductions relative to DIW by plant extracts and control quenchers. Statistically significant 
values with positive motility reduction were highlighted
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 A. tumefaciens E. coli E. coli B. subtilis B. subtilis 












Garlic 0.59 0.63 0.88 0.58 -0.01 0.00 0.21 0.19 0.27 0.10 
Tao Ren -0.20 0.17 -0.09 0.00 -0.45 0.76 0.11 0.45 0.56 0.23 
Jiang Huang -0.06 0.21 -0.04 0.08 -0.28 0.66 0.83 0.78 -0.17 0.31 
Dang Gui 0.16 0.37 -0.02 0.13 0.02 0.02 0.48 0.59 0.02 0.08 
Ginger 0.44 0.37 -0.09 0.15 0.03 0.03 -0.05 0.23 0.28 0.25 
Onion -0.44 0.16 -0.27 0.86 -0.26 0.21 -0.01 0.00 -0.04 0.48 
Acylase I 0.09 0.12 0.19 0.04 -0.20 0.21 -0.25 0.25 -0.00 0.00 
Vanillin 0.24 0.41 0.99 0.72 -0.06 0.04 -0.17 0.12 -0.57 0.42 
Table 4-2. Summary of dose dependency effects of plant extracts and control quenchers on bacterial motility. ‘Slope’ is defined as the slope of the best fit 
lines through linear regression and has unit of L/mg. Positive slope indicates higher motility reduction with high extract concentrations. Data with R2>0.8 
were highlighted









Fig. 4-4: Swimming motility reduction by plant extracts on A. tumefaciens. The extracts were 
ranked by average relative motility over the entire 10-100mg/L range 




Fig 4-5: Average swimming motility reduction by plant extracts on A. tumefaciens 
The plant extracts and control quenchers were also tested for their antibacterial 
(growth inhibition) effects to verify if any reduction in motility was due to growth 
inhibition. None of the 6 plant extracts and 2 positive control quenchers (Acylase I, 
vanillin) tested showed any antibacterial properties at maximum concentrations used 
in the motility assays (i.e., 100 mg/l). (Fig. 4-6) Therefore, any inhibition effect on 
motility would be due to QQ. 
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Fig. 4-6: Antimicrobial effects of plant extracts and control quenchers on bacteria species 
used for motility assays. (a-b): E. coli (c-d): A. tumefaciens. All quenchers / extracts have 
concentration of 100 mg/L in the discs. Disc labels: B – 5% bleach (positive control); 1 – 
garlic; 2 – tao ren; 3 – jiang huang; 4 – dang gui; 5 – ginger; 6 – onion; 7 – Acylase I; 8 – 
vanillin, W – DIW. (Negative control) 
 
Dose dependency effects of plant extracts and control quenchers on motility reduction 
were presented in Table 4-2. Out of 40 possible combinations (8 extracts / quenchers, 
5 motility scenarios), only 1 combinations showed moderately strong dose 
dependency with R (correlation coefficient) square values reaching 0.8 or above. 
None of the combinations showed very strong dose dependency (R2>0.9). Positive 
slope indicated motility reduction was higher at high quencher concentrations 
(positive dose dependency), while negative slope indicated the opposite trend. Based 
on the data, dose dependency of the plant extracts on motility reduction was overall 
weak, only a few selected combinations exhibited positive dose dependency for 
swimming motility, and none of the combinations exhibited positive dose dependency 
for swarming motility.  
 
4-1-2. Discussions 
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The most effective extracts / quenchers for motility inhibition on E. coli and A. 
tumefaciens were quite different (Fig. 4-1, 4-2, 4-4, 4-5 and Table 4-1). Paired p-value 
tested on E. coli and A. tumefaciens motility reduction data was 0.0025, indicating the 
difference was statistically significant (Comparably, p-value tested on E. coli and B. 
subtilis was 0.255, thus their motility reduction difference was not statistically 
significant). This is due to these 2 bacteria having different QS systems and 
autoinducers. E. coli only contains the AI-2 QS loop. It produces AI-2 as an 
autoinducer (Surette et al. 1999) and AI-2 reportedly affected its biofilm formation 
(Niu et al., 2013). Although it has an AHL receptor SdiA (Yamamoto et al., 2001), so 
far there has been no evidence showing AHL autoinducers or quenchers impacted its 
motility or biofilm formation. On the other hand, A. tumefaciens produces the AHL 
C8-Oxo-HSL as its autoinducer (Zhang et al., 2002). Therefore, the extracts that 
inhibit E. coli motility mainly inhibited the AI-2 QS loop, while the extracts that 
inhibited A. tumefaciens mainly inhibited the AHL QS loop. Data reported here 
suggested ginger, onion and dang gui extracts were AI-2 inhibitors, while vanillin, 
jiang huang and garlic extracts were AHL inhibitors. The former group of extracts (i.e., 
ginger, onion, dang gui) would be potential targets for isolation of novel AI-2 
quenchers. 
 
In the literature, various natural extracts from plants and other sources have been 
studied for their QQ and motility reduction properties against Gram negative bacteria. 
For example, bromated furanone (extracted from Delisea pulchra) was one of the first 
Chapter 4  Plant Extracts as Quorum Quenchers 
76 
 
extracts identified as an AI-2 quencher. It inhibited swarming motility in E. coli at 13 
mg/l through inhibition of AI-2 QS, but it did not inhibit swimming motility (Ren et 
al., 2001). Biofilm inhibition was also observed together with swarming motility 
inhibition (55% reduction in biofilm formation at 60 mg/l). Vanillin was a quencher 
for AHLs (Ponnusamy et al., 2009). Garlic bulb extract has been shown to control A. 
tumefaciens swimming motility, which was strongly induced by AHLs (Al-Ghonaiem 
et al., 2009). Current findings that vanillin and garlic extract inhibited AHL QS are in 
agreement with these literature data. 
 
It is important that the correct fraction (aqueous, organic) of plant extracts is being 
evaluated. Some literature studies used aqueous extracts instead of alcoholic extracts, 
and quite often these results did not agree with motility assay results reported here. In 
one study, aqueous garlic extract was found to be a potent antibacterial agent at high 
concentrations, and the active antimicrobial compound had been identified as Allicin, 
which is unstable in organic solvents (Ahsan et al., 1996). However, in the present 
study, the garlic extract was not antibacterial because ethanoic extract at relatively 
low concentrations was used. Another study showed that aqueous extracts of ginger 
and tumeric (jiang huang) at high concentration of 800 mg/L, although the extracts 
were raw aqueous extracts that were not volume-reduced, reduced swarming motility 
of E. coli by around 9% and 24%, respectively (Vattem et al., 2007). In the present 
study, the data showed that ginger extract possessed one of the best swarming motility 
inhibition on E. coli, whereas jiang huang was one of the worst, and did not agree 
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with literature finding that jiang huang was the better quencher. The significant 
difference was also possibly attributed by the ethanoic extracts being used in this 
present study. 
 
Although AHL QS inhibition and biofilm reduction through acylase I has been well 
recognized in the literature (Paul et al., 2009; Yeon et al., 2009), this control quencher 
performed poorly on both E. coli and A. tumefaciens. For E. coli, the poor 
performance could be explained by AHL was not utilized by the bacteria for QS. As 
for A. tumefaciens, literature studies have not reported QS, motility or biofilm 
inhibition by acylase I on the bacteria yet. A likely explanation for the poor 
performance of the enzyme was that the AHL produced by the A. tumefaciens 
(C8-Oxo-HSL) was degraded much more slowly compared to non-substituted AHLs 
(C6-HSL, C8-HSL, C12-HSL, etc.) by acylase I. In other words, the enzyme had poor 
substrate affinity for C8-Oxo-HSL. It has also been reported that a different acylase 
from a bacterial origin had a significantly lower degradation efficiency on substituted 
AHLs (Lee et al., 2013). 
 
Dose dependency effects of extracts or quenchers on bacterial motility are rarely 
reported in literature. Data in this study suggested concentration effects for most 
extracts or quenchers were relatively weak. None of the extracts exhibited significant 
improvement at higher concentrations (i.e., positive correlation between motility 
reduction and extract concentration with R2>0.8). This suggested the active 
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compounds in the extracts were potent inhibitors, able to significantly inhibit motility 
at very low doses. 
 
In summary, several members of the plant extract evaluated (i.e., ginger, onion, dang 
gui and dang gui) showed excellent swimming motility inhibition against E. coli, 
while also performed best on its swarming motility reduction. On the other hand, a 
distinct different group of extracts (i.e., vanillin, garlic and jiang huang) performed 
best on A. tumefaciens swimming motility reduction. The former group of extracts 
was identified as AI-2 QS inhibitor, while the latter group of extracts inhibited AHL 
QS. As swimming and swarming motility play important roles in biofilm formation 
(swimming is expected to be involved more in initial attachment, while swarming 
motility is expected to affect biofilm maturation), the extracts would have good 
potential to control biofilm formation and prevent membrane biofouling. Most 
extracts and quenchers evaluated in this present study showed very weak 
concentration effects (dose dependency), suggesting they were potent quenchers able 
to reduce motility at low concentrations. 
 
4-2. Impact of Plant Extracts/Quenchers on Motility of B. subtilis 
 
4-2-1. Results 
For B. subtilis, the swimming and swarming motility assays used the same 
extracts/quenchers with the same ranges (10-100 mg/l) as evaluated on E. coli and A. 
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tumefaciens. Garlic, jiang huang, dang gui, ginger and onion extracts produced 
significant motility reduction for both swimming and swarming motility (Table 4-1, 
Fig. 4-7 and Fig. 4-8), with average motility reduction ranged from 86.4% (onion) to 
50.7% (dang gui). Extracts producing the most average motility inhibition were onion, 
ginger (82.2%), garlic (62.2%) and jiang huang (56.3%). Vanillin and acylase I 
produced poor results (10.3% and -11.9% average motility reductions, respectively).  
Swimming colonies with reduced radii (Fig. 4-9, b and c) and swarming colonies 
with reduced radii (Fig. 4-9, e and f) compared to the control (Fig. 4-9, a and d) can 
be observed from extract added agar plates. Antibacterial/growth inhibition assay 
conducted on B. subtilis also showed these quenchers/extracts did not have growth 
inhibition effects and any motility inhibition due to QQ. The extracts / quenchers also 









Fig. 4-7: Swimming and swarming motility reduction by plant extracts on B. subtilis. The 
extracts were ranked by average relative motility over the entire 10-100mg/L range relative 
motility in the 25-100mg/L range 
 
 
Fig. 4-8: Average swimming and swarming motility reduction by plant extracts on B. subtilis 
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Fig. 4-9: Inhibition of motility by ginger and onion extracts on B. subtilis. a: DIW (Control), 
Swimming b: Ginger, Swimming c: Onion, Swimming d: DIW (Control), Swarming e: 




The difference between E. coli and B. subtilis for motility reduction was not 
statistically significant (p value 0.255). B. subtilis is a Gram positive bacteria and 
contains both AI-2 and AIP QS loops. It is a producer for both AI-2 (through the luxS 
gene, which is shared by E. coli to produce AI-2) and the AIP ComX (Lombardía et 
al., 2006; Kleerebezem et al., 1997; Structure of ComX is illustrated in Fig. 2-1: e). 
Literature data reported both AI-2 and the AIP were involved in motility and biofilm 
formation (Comella and Grossman, 2005; Ren et al., 2002; Lombardía et al., 2006). 
As mentioned in previous section, AI-2 played prominent role in motility and QS for 
E. coli. The high similarity of best quorum quenchers between B. subtilis and E. coli 
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suggested AI-2 played a major role in B. subtilis motility, although the possibility that 
these quenchers also affected AIP ComX cannot be ruled out. Literature data are in 
agreement that AI-2 inhibition had greater impact on motility and biofilm formation 
for B. subtilis, since the AI-2 inhibiting bromated furanones controlled both biofilm 
formation and swarming motility on B. subtilis (Lombardía et al., 2006; Ren et al., 
2002). 
 
Of the 4 best AI-2 quenching extracts (i.e., ginger, onion, dang gui and jiang huang) 
identified on E. coli, all these extracts produced significantly swimming and 
swarming motility reduction on B. subtilis. Onion and ginger extracts consistently 
produced the strongest inhibition for both bacteria’s swimming and swarming 
motility. 
 
It can be observed that the 2 AHL positive control quenchers: vanillin and acylase I, 
did not show motility inhibition on B. subtilis. This is not surprising since B. subtilis 
did not have an AHL QS loop and did not produce AHLs. Based on motility inhibition 
on A. tumefaciens, jiang huang and garlic have been identified as quenchers for AHLs, 
having 2nd and 3rd best motility inhibition on A. tumefaciens after vanillin. These 2 
extracts produced fairly strong motility inhibition effect on B. subtilis, with 3rd best 
swimming motility inhibition by garlic extract and 3rd best swarming motility 
inhibition by jiang huang extract. One possible explanation for the difference 
observed between the E. coli and B. subtilis was their different QS loops, with B. 
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subtilis having multiple, complex regulatory pathways able to affect its central 
regulatory protein Spo0A, as well as additional DegS/DegU-P pathway which was 
more closely related to its motility. This could mean there were more opportunities for 
a potential quencher to impact its motility and biofilm formation process. 
 
In summary, it was found that 2 extracts of onion and ginger, which had the highest 
motility inhibition effects on B. subtilis, were also the best motility inhibitors on E. 
coli. It can be concluded that these 2 extracts were potent AI-2 quenchers, able to 
significantly reduce swimming and swarming motility for both bacteria at relatively 
low concentrations (i.e., 10-25 mg/l). 
 




For each bacterium, the best 2 extracts/quenchers were selected to verify biofilm 
reduction on polysulfone (PES) membrane coupons. PES membrane is widely used as 
MF or UF membrane for water treatment and the same type of membrane is used in 
the lab-scale MBRs in later parts of the present study (Chapters 5 and 6). As shown in 
Fig. 4-10, all extracts evaluated, except ginger for B. subtilis, showed some degree of 
biofilm reduction. More than 50% reductions were observed for onion extract on E. 
coli and vanillin on A. tumefaciens, while reductions for ginger on E. coli and garlic 
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on A. tumefaciens were also very close to 50%. Overall, the extracts showed more 





Fig. 4-10: Biofilm reduction by plant extracts / quenchers on PES (polysulfone) membrane 
coupons. The cell density on the biofilm was quantified in term of cfu (colony forming unit) 
per membrane area through cell count on LB agar plates. All extracts have concentrations of 
50 mg/L in the incubation medium. DIW was used as control 
 
4-3-2. Discussions 
QQ and motility inhibition have been frequently proposed for biofilm and biofouling 
control. In this present study, the 2 extracts showing highest motility inhibition for 
each bacteria were selected. The results mostly agreed that suppressed motility leads 
to reduction in biofilm formation. Bacteria with suppressed motility would lose (or at 
least reduced in capability) their ability to actively attach to the membrane surface, 
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and further development of the biofilm would also be slowed since the cells would 
also have reduced motility on the membrane surface (i.e., reduced swimming and 
swarming motility). 
 
Effect of quorum quenchers (autoinducers) on biofilm formation has been studied in 
the literature and they mostly showed a positive correlation between QQ 
(autoinducing) with reduced (increased) biofilm formation. In one study, vanillin was 
shown to be a quencher of AHLs and also reduced Aeromonas hydrophila biofilm by 
46% at 250 mg/l (Ponnusamy et al., 2009). The result was in agreement with those 
found in this present study, whereby a reduction of 55% biofilm on A. tumefaciens 
was observed, although at a much lower concentration of 50 mg/l. In another study, 
AI-2 was able to increase biofilm formation by 30 fold in E. coli. (Van Houdt et al., 
2006). Biofilm formation was reduced by 55% on E. coli after treating with AI-2 
quencher brominated furanone at 60 mg/l (Ren et al., 2001). Onion and ginger 
extracts had potency comparable to brominated furanone to control E. coli biofilm, 
while being cheaper and more accessible. However, the furanone was extracted from 
a red algae (Delisea pulchra), which had limited availability. 
 
It could be observed that B. subtilis had significantly lower cell density biofilm 
compared to the 2 bacteria, even though they were inoculated with comparable 
amount of staring cells and incubated under the same conditions. For the control 
group, the average cell density on membrane coupons was 1.4 x 104 cfu/cm2 for B. 
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subtilis, whereas cell densities were 31-49 x 104 cfu/cm2 for the other 2 bacteria, 
about 30 times higher. Subsequently, the biofilm reduction was also less significant 
compared to the other 2 bacteria. It has been reported that AI-2 QS was required for 
both swarming motility and biofilm formation for B. subtilis (Lombardía et al., 2006). 
The significant reduced amount of biofilm for even the control group compared to the 
other 2 bacteria could only mean that the starting cell density and AI-2 produced by 
the bacteria had not reached a threshold value. This value was required to turn on QS 
and shift biological activities to biofilm formation. Another possible explanation was 
due to the lack of renewed nutrients in the vials. The cells started forming endospores, 
a common trait for Gram-positive bacteria, hence reducing amount of cells able to 
attach to the membrane surface. For either scenario, a better result would be possible 
if the incubation was started with higher density cells and higher amount of available 
nutrients. 
 
4-4. Motility Assay as a Valuable Tool for Detecting Autoinducers and Quenchers 
 
Detection of autoinducers and quenchers often involved building QS reporter strains 
with special traits and would require complicated multistep microbiological work 
such as gene cloning, plasmids creation, recombinant DNA modification on host 
strain. For example, AHL detection normally involved extraction of the sample with 
ethyl acetate, followed by TLC separation and finally detection of AHLs by the A. 
tumefaciens (A136 (Ti-)-(pCF218)(pCF372)) reporter strain grown on X-gal agar 
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(Yeon et al., 2009). Identification of AHLs structure would further require separation 
by TLC followed by Mass Spectroscopy (Shaw et al., 1997). 
 
In this study, it has been shown that the swimming and swarming motility assays, 
coupled with disc diffusion growth inhibition assays could be used to provide simple, 
relatively rapid, semi-quantitative and economical detection for the presence of 
autoinducers and quenchers in samples. The qualitative results were repeatable and 
usually could be obtained in 24-48 h after the sample was prepared and mixed with 
the swim and swarm agar plates. With some optimization, the throughput of the 
assays could be significantly improved. The reporter strains were wild type strains, 
could be readily accessed from major type culture centers and were easy to maintain. 
The procedures were also easy to carry out and did not require specialized training in 
microbiology. There was also no complicated equipment involved in the assays. These 
simple and cost-effective traits made the motility assays suitable for process 
monitoring and could be an important factor for the wider application of QQ as a 
novel fouling control process in real wastewater treatment plants. The results showed 
that vanillin and garlic extracts inhibited motility of A. tumefaciens (AHL), which was 
consistent with literature data showing these 2 compounds inhibited AHL 
autoinducers (Ponnusamy et al., 2009; Al-Ghonaiem et al., 2009). In addition, current 
reporting strains were able to detect both AHL and AI-2 quenchers and autoinducers. 
 
However, there were limitations in the assay that need to be addressed. For AHL 
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quencher and autoinducer detection, it has been reported that A. tumefaciens did not 
respond to non-substituted AHLs with the same sensitivity as compared to substituted 
AHLs (Its native AHL is C8-oxo-HSL which it responds with highest sensitivity) 
(Shaw et al., 1997). This could be improved by introducing other motile members into 
the assay repertoire that had improved sensitivity to non-substituted AHLs. One 
potential candidate was Burkholderia thailandensis, which produced 3 different AHLs 
itself: C6-, C8- and C10-HSL (Ulrich, 2004). Another limitation is separation or 
identification of the quencher and autoinducer was not possible with this assay alone, 
and extraction followed by TLC would still be required for separation. Also, as 
observed in this present study, the motility assay became insenstive (lack of dose 
dependency effect) towards strong QS inhibitors and could not be used to measure 
concentration of strong QS inhibitors, as strong inhibition effects (>80%) were 
observed even at concentrations as low as 10 mg/L. However, compared to most other 
available assays for the detection of autoinducers and quenchers, motility assay still 
provided an economic and easy-to-carry-out method for autoinducer/quencher 
detection, and this assay was also used for autoinducer/quencher detection for reactor 





1. Onion, ginger, dang gui and jiang huang were found to be the best swimming and 
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swarming motility inhibitors in E. coli and they also significantly caused motility 
reduction on B. subtilis. Of these 4, onion and ginger extracts were also the 2 best 
swimming and swarming motility inhibitors on B. subtilis. 
 
2. Best motility inhibitors for E. coli and B. subtilis were similar. This suggested they 
had similar or same QS loops (AI-2), and literature data supported this conclusion. 
Onion and ginger extracts would be potential candidates to discover new AI-2 
quenchers. 
 
3. Another distinct group of extracts (i.e., vanillin, garlic and jiang huang) worked 
best on A. tumefaciens and would be AHL quenchers. There was little overlap 
between the AI-2 group and AHL group (p<0.05). 
 
4. The extracts and quenchers did not show antimicrobial property at concentrations 
up to 100 mg/l, suggesting motility inhibition was purely due to QQ. 
 
5. Extracts/quenchers with best motility inhibition for each bacteria significantly 
reduced biofilm formed on membrane coupons, proving that motility reduction 
through QQ was an effective strategy for membrane biofouling control. 
 
6. Most extracts and quenchers did not show dose dependency, suggesting the active 
components in the extracts were potent inhibitors to control microbial motility even at 
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low concentrations. Applying the extracts at low concentration would be sufficient for 
biofilm and biofouling control. 
 
7. Motility assays are valuable tools that serve as economic and convenient detection 
methods for autoinducers and quenchers, as no specialized equipment or reporter 
strains with special gene modifications are required.





Dosing Pure-Culture QQ Bacteria to Control Microbial Biofouling in 
Membrane Bioreactors (MBRs) 
 
 
5-1. Introduction and Overview of Running the Membrane Bioreactors (MBRs) 
To investigate fouling reduction impact of the 2 QQ bacteria, B. cereus and P. putida, 
three MBRs (denoted as R1, R2, R3) with an effective volume of 1.0 L each and total 
membrane area of 0.02 m2 in each MBR were run from 9-Apr, 2015 to 9-Dec, 2015. 
Trans-membrane-pressure (TMP) was the key indicator of fouling performances of 
the reactors. Below is an overview of the operation of the MBRs: 
 
Phase 0 (Baseline cycle): From 9-Apr to 5-May (28 days) 
None of the MBRs were dosed with any pure culture bacteria. The fluxes of all the 
MBRs were maintained at 6.5 l/m2h. 
 
Phase 1: From 6-May to 24-Aug (111 days) 
R1 was the control MBR without dosing any bacteria; R2 was dosed with B. cereus 
every 7 or 14 days; R3 was dosed with P. putida every 7 or 14 days. The fluxes of all 
the MBRs were maintained at 6.5 l/m2h. The QQ bacteria could be regarded as in 
their “free cell form”. This phase was further sub-divided into 4 cycles. End of a cycle 
was triggered when the TMP of any MBR reached 80 kpa, which was followed by 
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chemically cleaning of membranes in all the MBRs. Phase 1 results were presented in 
this chapter. 
 
Phase 2: From 28-Aug to 9-Dec (104 days) 
R1 was the control reactor loaded with 15 mixed culture (sludge) entrapped EMMC 
bioballs; R2 was loaded with 15 B. cereus entrapped EMMC bioballs; R3 was loaded 
with 15 P. putida entrapped EMMC bioballs. The cells can be regarded as in their 
entrapped or immobilized form. This phase was further divided into a low flux 
sub-phase (28-Aug to 5-Oct, flux was 6.5 l/m2h, which was similar to that in phase 1) 
and a high flux sub-phase. (7-Oct to 9-Dec, flux was increased by 50% to 9.8 l/ m2h) 
Low flux sub-phase followed similar membrane cleaning protocol as phase 1. In the 
high flux sub-phase, each membrane in each MBR was only chemically cleaned when 
its TMP reached 80 kpa. The results of phase 2 were presented and discussed in 
Chapter 6. 
 
5-2. Effect of Dosing Pure Culture QQ Bacteria on Membrane Fouling 
 
5-2-1. Results 
The TMP trends for phase 1 are shown in Fig. 5-1 and the TMP trends for baseline 
cycle (phase 0) are shown in Fig. 5-2. The baseline cycle was run to establish baseline 
TMP profile for the reactors and membranes. During the 28-day baseline cycle (Fig. 
5-2), which was close to 3 SRTs, all MBRs reached over 28 kpa in their TMPs from a 
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starting value of 6 kpa (R1) and 10 kpa (R2 and R3). R1 had the highest end point 
TMP, followed by R2 and R3. However, the maximum difference was 17 kpa, which 
was much smaller than the TMP differences observed in later cycles. Significant rise 
in TMP started from day 18 for both the R2 and R3, while R1’s rather stable TMP 
held slightly longer over 21 days (Fig. 5-2). Overall the baseline performance of the 
membranes and MBRs was comparable, and hence any differences in fouling in late 
phases would be mostly due to effect of QQ bacteria. It should be noted that all 
reactors’ membranes had the best TMP profile in the baseline phase, mostly 
explainable by the fact that the membranes were completely new and there was no 
damage caused by chemical cleaning. 
 
Fig. 5-1: TMP trend for phase 1. Chemical cleanings are marked with black arrows on the 
chart. Membranes were replaced at start of cycle 3 for R1 and R3 
 




Fig. 5-2: TMP trend for phase 0 (baseline cycle) 
 
As shown in Fig. 5-1, R3 (P. putida) had significantly lower TMP (reduced fouling) 
consistently throughout the 4 cycles in phase 1 compared to the other 2 MBRs. The 
highest TMP reached was just 39 kpa, whereas highest TMPs reached for R1 and R2 
were both over 80 kpa. R3’s TMP profiles were also relatively stable during the whole 
phase 1, showing no major fluctuations. Statistical analysis showed cycle 2 and cycle 
3’s TMPs were statistically better than the control MBR (Table 5-1). For cycle 1 and 
cycle 4, the average TMPs recorded were also the lowest among the MBRs. Pictures 
taken on the membranes at the end of phase 1, cycle 4 (Fig. 5-3) showed R3’s 
membrane was the least fouled. These data all supported the conclusion that P. putida 
significantly reduced fouling in R3 compared to no dosing of QQ bacteria (control 
MBR) and dosing B. cereus (R2) in its free cell form. 
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There was some observable deterioration (i.e., irrecoverable fouling) of baseline 
performance observed on R3. Compared to phase 0, it took R3’s TMP much shorter 
time to start increasing (5-10 days compared to 15 days for phase 0) in cycle 1 and 2. 
At the end of cycle 2, new membranes were replaced for R1 and R3 because R1’s 
membrane was raptured at the end of cycle 2 and decision was made to replace the 
membranes of the worst and best performing MBRs, which were R1 and R3, 
respectively. In cycle 3, the time taken for R3 to start increasing its TMP recovered to 
about 15 days. In cycle 4, the time required to see an increase in the TMP of R3 was 
again reduced. In addition, for this cycle, the initial TMP right after chemical cleaning 
was the highest among all the cycles, whereby the recovered initial TMP increased 
from 20 kpa to 23 kpa. This gradual and general worsening trend in baseline 
performance was likely due to a combination effect of damage from chemical 
cleaning and progressive internal blocking of membrane pores. However, compared to 
the control reactor, the worsening was less severe. 
 
Table 5-1: Statistical analysis on TMP for each cycle in phase 1. p-Value is computed with 
non-paired, 1-sided, non-equal-variance student’s t-test and p-Value <0.05 is statistically 
significant 
 
Cycle# R1 R2 R3 











Phase 1 #1 27.71 51.19 (23.48) 0.01 23.10 4.61 0.27 
Phase 1 #2 62.76 49.05 13.71 0.08 20.00 42.76 0.00 
Phase 1 #3 43.89 39.67 4.22 0.48 18.96 24.93 0.00 
Phase 1 #4 39.92 36.50 3.42 0.52 32.00 7.92 0.13 
Baseline cycle 14.17 18.52 (4.35) 0.18 18.04 (3.87) 0.18 
 
 




Fig. 5-3: Membrane at the end of phase 1, cycle 4. a: Control reactor R1, which reached peak 
TMP of 72kpa for this cycle and had the worst fouling layer developed b: R2 dosed with B. 
cereus, which reached peak TMP of 56kpa and showed sloughing of fouling layer c: R3 dosed 
with P. putida, which reached lowest peak TMP of 39kpa and was least fouled 
 
Starting from cycle 1, R1 (the control reactor) showed a progressively worse off TMP 
profile compared to the baseline cycle. In the baseline cycle, it took R1 25 days for its 
TMP to reach 40 kpa (Note that R3’s TMP never reached 40 kpa in phase 1). This was 
reduced to 20 days in cycle 1, further reduced to 6 days in cycle 2, recovered back to 
15 days in cycle 3, and again reduced to 8 days in cycle 4. For the TMP of R1 to reach 
70 kpa (this value was used instead of 80 kpa because the TMP of R1 only reached 80 
kpa in cycle 2 and cycle 3), it took 26, 11, 23 and 14 days for cycle 1, 2, 3 and 4, 
respectively. The improvement between cycle 2 and cycle 3 was due to new 
membrane being replaced at the end of cycle 2 because the R1’s membrane was 
raptured at end of cycle 2. For phase 0 and phase 1, R1's TMP was progressively 
worse off, suggesting R1 had experienced irrecoverable fouling. Based on R3's 
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relatively stable TMP profile, the impact of irrecoverable fouling on R3 was less 
severe, suggesting successful fouling control by QQ bacteria can also help to counter 
the effect of long-term irrecoverable fouling. 
 
Unlike the other 2 reactors, the TMP of R2, which was dosed with B. cereus, showed 
an interesting and unexpected worse off followed by recovery trend in phase 1. In 
cycle 1, R2’s TMP rose quickly and it only took 12 days for the TMP of R2 to reach 
40 kpa, compared to 26 days for R1. By day 19, the TMP had reached over 80 kpa 
and never recovered until chemical cleaning. R2 was the worst reactor for cycle 1 and 
this sharp rise in TMP was strongly induced by the addition of B. cereus. In cycle 2, 
R2 only took 6 days to reach 40 kpa (R1 also took 6 days), but reached 80 kpa faster 
than R1. However, the TMP of R2 gradually recovered after peaking at 90 kpa. By the 
end of cycle 2, the TMP of R2 had recovered to below 40 kpa levels, while R1 was 
consistently over 80 kpa). R2’s membrane was not changed in cycle 3, unlike the 
other 2 MBRs. Further deterioration due to irrecoverable fouling would normally be 
expected. Instead, the TMP profiles in cycle 3 and 4 continued to show improving 
trends, which started in cycle 2. By the end of cycle 4, R2’s membrane was only 
slightly more fouled than R3. 
 
Overall, B. cereus caused a sharp increase in membrane fouling at the beginning, but 
with continued dosing into the reactor and less dosing during later cycles, fouling 
performance stabilized and finally improved compared to the control reactor. The 
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recovering trend apparently made any long-term membrane fouling of R2’s 
membranes unobservable. The membranes at the end of this phase (Fig. 5-3) showed 
a unique feature of R2 whereby some part of the fouling layer sloughed off the 
membrane surface during normal operation, revealing clean (white) membrane 
surface in between surfaces covered with biofilm (yellowish-brown). This suggested 
that B. cereus caused the biofilm of R2 to attach less firmly compared to the other 2 
MBRs and this possibly explained why there could be recovery during a cycle. 
 
To summarize the fouling performance, dosing either pure culture of P. putida or B. 
cereus cause less membrane fouling. For this phase, R3 (dosed with P. putida) was 
clearly better than R2 (dosed with B. cereus). So far, this is the first report on 
successful fouling control through dosing pure culture of QQ bacteria. 
 
5-2-2. Discussions 
As shown by the TMP trends and statistical data (Fig. 5-1 and Table 5-1), R3, dosed 
with P. putida, consistently had lowest fouling for all 4 cycles and was significantly 
better than R1 in terms of TMP for 2 out of 4 cycles. The percentage fouling reduction 
in terms of maximum percentage TMP reached compared to the control reactor was 
56%, 73%, 61%, 46% for cycle 1 to 4, respectively. The percentage reductions were 
comparable to literature TMP reduction values, by dosing free acylase I enzymes or 
immobilized on magnetic enzyme carriers (estimated to be 55-60%) (Yeon et al., 
2009), lactonase releasing bacteria Rhodococcus sp. BH4 entrapped in microbial 
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vessels (MV) (44%) or rotating microbial carrier frames (RMCF) (59.7%) 
(Köse-Mutlu et al., 2015). P. putida is a gram-negative Gamma-proteobacteria 
commonly found close to rhizosphere of plant roots, and has been recognized as one 
of the beneficial bacteria that suppress growth of pathogenic bacteria. Literature data 
on QQ activity of P. putida is limited, except it is noted to have an AHL QS system 
and have lactonase-like QQ activity that is interestingly auto-induced by its own 
AHLs (Fekete et al., 2010). In other words, bacteria could tightly control AHL levels 
by producing AHLs, which at high concentrations would trigger the degradation of 
the signal molecule itself. This suggested that fouling and biofilm reduction by P. 
putida in R3 was achieved through QQ via a lactonase. Swimming motility assays 
were conducted on the MBR effluents to detect if the effluents have QQ property, 
which will be presented and discussed in the next section. (Section 5-3) 
 
B. cereus produced a unique response of deterioration followed by recovery in the 
R2’s TMP curve. The percentage fouling reduction compared to the control MBR was 
-44%, 20%, 22%, 22% for cycle 1 to 4, respectively (The minus sign for cycle 1 
indicated increase in fouling). B. cereus carried the aiiA gene, which encoded a 
lactonase, and has been shown to possess significant lactonase activity. (Dong et al., 
2002). The fouling reduction activity reported in the present study was also 
hypothesized to be due to QQ through the lactonase activity. The same gene has been 
identified in several close members in the bacillus family including B. thuringiensis, 
B. mycoides and B. anthracis, but not B. subtilis. Swimming motility assays were also 
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conducted on R2’s effluents for its QQ property, which will be presented and 
discussed in Section 5-3. 
 
One of the aims of this research project is to show that QQ is a fouling control 
strategy that is both affordable and sustainable. To achieve this, using “free living” 
pure culture QQ bacteria for biofouling control, which is a concept not explored 
before, was explored. The fouling control strategy is affordable since 2 wild-type 
cultures (directly purchased from ATCC) were selected and there was no proprietary 
culture or technology used. In addition, the pure cultures can be easily maintained on 
cheap lysogeny broth (LB) medium or other general growth medium, meaning the 
cost to produce the QQ bacteria is quite low and there is no limit in the supply of QQ 
bacteria at least for smaller plants. For example, a MBR with size of 5 m3 is estimated 
to require 100 L of pure culture every 2 weeks, or 2.5 kg raw LB broth every 2 weeks; 
however, larger plants would face the problem of producing enough pure culture to 
meet the required dosing amount at one go and preventing these culture from being 
contaminated. The strains were also carefully selected to improve their chance of 
survival, as both bacteria were wild type strains commonly found in soil and sewage 
environment, making the MBR mixed liquor a native environment for them to live. 
Existing QQ applications mainly focused on dosing with quenchers such as acylase I 
(Yeon et al., 2009) and vanillin (Nam et al., 2015), or using QQ bacteria specifically 
designed at degrading AHLs (Kim et al., 2013; Oh et al., 2012). Direct dosing of 
quencher is not sustainable and is also very expensive. Immobilization of quencher 
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(Yeon et al., 2009) prevents the quencher from leaving the reactor through the 
membrane, but still does not solve the problem of bio-degradation and high cost for 
long-term operations. For using QQ bacteria specializing in AHL removal 
(enrichment through using AHL as the only carbon source) such as Rhodococcus sp. 
BH4 (Kim et al., 2013; Oh et al., 2012), the strains are currently not commercially 
available. Such specially enriched strains may also be less robust for long-term stable 
operation, as they are usually used in immobilized form (beads) or kept in microbial 
vessels, and QQ activity will be significantly impacted when the cells are leaked from 
the beads or microbial vessels due to bio-degradation or structural failure. 
 
The dosing frequency has been carefully selected to be every 7 days, and later (cycle 
3 onwards) extended to every 14 days. This was adapted from how the pure culture 
cells were refreshed every 14 days with LB medium in the pure culture protocols, 
which worked for the purpose of maintaining cell activity. A shorter dosing interval at 
the beginning helped the cells to adapt and settle in the new environment. However, 
apparently unstable TMP was observed in R2 (B. cereus) when the dosage frequency 
was every 7 days. The dosing amount (25 ml per dose), corresponded to about 1% of 
the whole mixed liquor population, made the QQ cell population significant, while not 
creating a dosing shock to the mixed liquor ecology. The amount was also small 
enough so that any change in MLSS due to dosing became negligible. It is important 
that dosing is not set at a very high frequency and high amount to reduce the risk of 
native mixed liquor bacteria population experiencing frequent dose shocks and hence 
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biological activity potentially would be compromised. However, the dosing frequency 
cannot be very low, either, resulting in low QQ bacteria population and insufficient 
quencher production. Based on TMP data, the dose frequency of every 14 days 
provided good and constant fouling control. The current dosing frequency did not 
have long-term impact on microbial community structure (Section 5-5) and pollutant 
removal (Section 5-6). This indicates that dosing at every 14 days is successful at 
achieving the goals of control biofouling, while not impacting the MBR performance. 
 
It should be noted dosed pure culture QQ bacteria would not survive long in the 
mixed culture environment, hence regular dosing is required to achieve effective 
biofouling control and this would be difficult for MBR operation from process control 
point of view. To achieve long term stable operation and avoid regular dosing of QQ 
bacteria, immobilization on EMMC bioballs was evaluated and the results were 
presented in Chapter 6. 
 
5-3. Effect of Dosing Pure Culture QQ Bacteria on Effluent Autoinducer and 
Quencher Levels through Swimming Motility Assays 
 
5-3-1. Results 
Swimming motility results and photos are shown in Fig. 5-4 and Fig. 5-5, respectively. 
The motility values were presented as motility reduction relative to the control MBR 
R1. R2’s (dosed with B. cereus) effluent produced the strongest motility inhibition on 
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all 3 bacteria: 52%±26% on E. coli, 45%±10% on A. tumefaciens and 51%±3% on 
B. subtilis. R3’s effluent reduced motilities by 14%, 7% and 35% on E. coli, A. 
tumefaciens and B. subtilis, respectively. The data showed both B. cereus and P. 
putida reduced motility compared to the control MBR. However, B. cereus produced 
stronger QQ effects. Compared to R1’s effluent, DIW produced smaller motility (17%, 
3% and 21% on E. coli, A. tumefaciens and B. subtilis, respectively), suggesting R1’s 
effluent promoted QS and enhanced motility of the reporting bacteria. 
 
The MBR effluents were also tested for their antibacterial properties. As shown in Fig. 
5-6, none of the effluents showed any antibacterial property against A. tumefaciens, E. 
coli or B. subtilis. This means any motility inhibition effects would be a result of QQ. 
While both P. putida and B. cereus produced QQ effects in the MBR effluents, B. 
cereus was the stronger QQ bacteria. 
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Fig. 5-4: Swimming motility reduction of the DIW and MBR effluents compared to the 











Fig. 5-5: Effect on swimming motility by reactor effluents. The effluents were sterile filtered, 
diluted with DIW and mixed with 2X swim agar plants to make final agar concentration of 
0.4%. The effluents constituted 25% of final agar volume. Equal volume of DIW was used as 
control. a: E. coli + DIW b: E. coli + R1 c: E. coli + R2 d: E. coli + R3 e: A. tumefaciens + 
DIW f: A. tumefaciens + R1 g: A. tumefaciens + R2 h: A. tumefaciens + R3 i: B. subtilis + 
DIW j: B. subtilis + R1 k: B. subtilis + R2 l: B. subtilis + R3 
 









Fig. 5-6: Antimicrobial effects of reactor effluents. a: A. tumefaciens b: E. coli c: B. subtilis. 
Disc label: B – 5% bleach; 1 – R1; 2 – R2; 3 – R3; W – DIW. 5% bleach and DIW were used 
as positive and negative controls, respectively 
 
5-3-2. Discussions 
The observed increase in swimming motility (compared to DIW) by the effluent of 
the control reactor (R1) suggested the presence of autoinducers in the control MBR 
mixed liquor or biofilm. The autoinducers were small molecules (i.e., mostly AHLs 
and AI-2) and moved freely through the MBR membrane. Swimming motilities of the 
3 reporting bacteria were enhanced because the bacteria were affected by both 
autoinducers produced by bacteria themselves and the additional autoinducers from 
the MBR effluent. DIW, on the other hand, did not contain additional autoinducers 
and any motility observed would reflect the autoinducers level produced only by the 
reporting bacteria. The reduced swimming motility from R2 and R3’s effluent 
compared to R1’s indicated reduced level of autoinducers and the presence of 
quenchers in the mixed liquor particularly for R2. Data suggested that the QQ bacteria 
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(i.e., B. cereus and P. putida) dosed in the MBRs reduced fouling through QQ. In the 
literature, it was reported that AHL molecules were detected on the membrane fouling 
layer from MBRs without quenchers (acylase I) added. In addition, these AHL 
molecules were absent in the fouling layer in MBRs with dosed or immobilized 
quenchers (Yeon et al., 2009). This is in agreement with the findings found in the 
present study that R1’s effluent resulted in enhanced motility of the motility reporting 
bacteria, likely due to presence of autoinducers. 
 
It can be observed that B. cereus produced stronger QQ effects than P. putida, despite 
that P. putida dosed R3 was the MBR with the least fouling. This is likely due to these 
2 bacteria having different QS control mechanisms and ecological roles. P. putida 
lived close to rhizosphere of plant roots. The lactonase-like activity was reported to be 
triggered by production of its own AHLs (Fekete et al., 2010). The self-regulation 
asserted tight control on AHL levels and prevented over-accumulation of AHLs, 
which might trigger a hostile defense mechanism by the plant roots. Thus P. putida 
controlled AHL levels in the MBR to a low level, but stopped quencher production 
once AHL concentration was reduced to a certain threshold concentration. Because of 
this, R3’s supernatant would not contain excess quenchers and the comparable 
swimming motility on A. tumefaciens between R3’s effluent and DIW proved this. On 
the other hand, B. cereus did not need a tightly controlled QQ system and could 
produce excess quenchers. B. cereus is a Gram-positive bacteria and does not rely on 
AHLs for its survival. Excess QQ enzyme production may be even beneficial to the 
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bacteria since gram-negative bacteria with AHL QS systems would be greatly 
inhibited close to B. cereus’ biofilms. 
 
B. cereus also produced significant motility inhibition on E. coli and B. subtilis. These 
2 bacteria mainly used AI-2 QS loops, based on literature data and similarity of 
extracts inhibiting their motility (Chapter 4). It is not surprising that the mixed liquor 
in the control MBR (R1) also produced sufficient amount of AI-2 to enhance 
swimming motility in E. coli and B. subtilis. The AI-2 inhibition effect by B. cereus 
(R2 effluent) has not been reported before, although it has been reported that AI-2 
inhibited biofilm formation in B. cereus (Auger et al., 2006). AI-2 has been previously 
considered as an interspecies signal molecule for QS. Production and reception genes 
for AI-2 have been identified in taxonomically diverse genres, covering both 
Gram-positive and Gram-negative bacteria. Since the signal molecule did not help B. 
cereus but may facilitate cross-species communication among other bacteria, B. 
cereus might have developed a control strategy by increasing AI-2 uptake or 
disrupting AI-2 signal transmission. Further studies are needed to confirm AI-2 
quenching mechanism of B. cereus.  
 
To summarize, the increased motility of the 3 motility reporting bacteria tested on the 
control MBR’s effluent was likely caused by the presence of AHL and AI-2 
autoinducers in the control MBR. Dosing pure culture QQ bacteria reduced 
autoinducer levels and in B. cereus’s case, significantly inhibited motility on the 
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motility assay bacteria was observed. It can be concluded that B. cereus is the stronger 
QQ bacteria in a free-cell form, despite P. putida showing better fouling reduction. 
 
5-4. Effect of Dosing Pure Culture QQ Bacteria on Mixed Liquor Characteristics: 
MLSS, VSS, EPS and SMP 
 
5-4-1. Results 
Mixed liquor characterization (i.e., MLSS, VSS, EPS and SMP) data were presented 
in Fig. 5-7 (MLSS/VSS), Fig. 5-8 to 5-9 (EPS) and Fig. 5-10 to 5-11 (SMP). Both 
EPS and SMP were further broken down to proteins and polysaccharides 
(carbohydrates) fractions, and reported in both absolute (mg/l) and relative (mg/gVSS) 
values. Also, both bar charts and trend charts were presented. The results showed that 
for phase 1, the MLSS concentrations were mostly comparable among the 3 MBRs. 
The average MLSS values for R3 (dosed with P. putida) were slightly lower than 
those of the R1 and R2 (ie.., about 18% lower). From the MLSS trend chart (Fig. 5-8: 
a), the low average values were mostly contributed from the first 2 data points, and 
remaining values for the R3’s MLSS were comparable to R1’s and R2’s. Overall, this 
did not suggest dosing of P. putida reduced the MLSS. 
 
The EPS and SMP charts also showed the EPS and SMP concentrations were 
comparable among the MBRs. Although the average EPS/SMP protein values were 
slightly higher in the control reactor, it can be observed from the trend charts that only 
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the first 2-3 data points were significantly higher for the control reactor, and the 
subsequent data points were mostly comparable. It can be concluded that dosing the 2 
QQ bacteria did not change the bulk characteristics of the mixed liquor including 




Fig. 5-7: Effect of dosing pure culture QQ bacteria on MLSS/VSS. a: MLSS (bar chart) b: 
VSS (bar chart) c: MLSS (trend) d: VSS (trend) 
  




Fig. 5-8: Effect of dosing pure culture QQ bacteria on EPS (absolute). a: Proteins (bar chart) 
b: Polysaccharides (bar chart) c: Proteins (trend) d: Polysaccharides (trend) 
 
Fig. 5-9: Effect of dosing pure culture QQ bacteria on EPS (relative). a: Proteins (bar chart) b: 
Polysaccharides (bar chart) c: Proteins (trend) d: Polysaccharides (trend) 





Fig. 5-10: Effect of dosing pure culture QQ bacteria on SMP (absolute). a: Proteins (bar chart) 
b: Polysaccharides (bar chart) c: Proteins (trend) d: Polysaccharides (trend) 
  
  
Fig. 5-11: Effect of dosing pure culture QQ bacteria on SMP (relative). a: Proteins (bar chart) 
b: Polysaccharides (bar chart) c: Proteins (trend) d: Polysaccharides (trend) 
 
 




Previous QQ studies using either acylase I or acylase-producing QQ bacteria reported 
significant reduction in EPS and SMP in the reactor mixed liquor and biofilm (Yeon et 
al., 2009; Kim et al., 2013). In this study, however, EPS and SMP reduction was not 
observed from B. cereus or P. putida dosed MBRs. EPS and SMP have been 
recognized as some of the most important foulants to cause MBR, UF and RO fouling, 
especially SMP, since the macromolecular soluble protein and polysaccharides 
directly interacted with the membrane. The SMP deposits a gel-like cake layer on the 
membrane surface and also causes internal pore blocking (Le-Clech et al., 2006; 
Wang et al., 2009; Hernandez Rojas et al., 2005). 
 
The observation that the mixed liquor SMP concentrations were comparable despite 
significant fouling reduction in R2 and R3 can be explained by the lack of SMP 
fouling observed in this part of the study. The synthetic wastewater feed contained 
almost no EPS/SMP. Therefore any SMP detected in the mixed liquor would be 
generated by the microorganisms in the reactors. The relatively lower flux (i.e., 6.5 
l/m2h) also resulted in lower bio-activities compared to high flux conditions. The 
relatively low MLSS/VSS also contributed to lower SMP generation. Both factors 
contributed to significantly lower SMP concentrations than SMP concentrations 
reported in some literature studies (10-35 mg/L compared to 50-200 mg/L) (Le-Clech 
et al., 2006). Finally, small amount of iron (III) chloride (added as iron source) in the 
synthetic wastewater feed served as flocculants and stabilized flocs, and prevented 
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floc disintegration from releasing SMP into the reactor mixed liquor. These were the 
main reasons that SMP fouling (i.e., gel-like layer deposited on the membrane surface) 
was not observed in this part of the study, and fouling was almost entirely due to 
biofilm formation. It can also be deduced that in this phase, any fouling reductions in 
R2 (B. cereus) and R3 (P. putida) would be due to the inhibition of biofilm formation 
through QQ. An interesting follow-up study would be to observe the effect on fouling 
with a high-strength or real wastewater feed.  
 




It is important to check any impact on mixed liquor microbial community due to the 
introduction of new bacteria to the MBRs. DNAs were extracted from 4 different 
mixed liquor samples (April (Baseline), May, June and July 2015) and their 16s rRNA 
genes were sequenced by an external DNA sequencing agency to identify which 
phylogenic group of bacteria they were belonged to. Four samples at different periods 
allowed a time-evolution of changes in mixed liquor community to be established, as 
well as comparison before and after dosing the 2 QQ bacteria to be made. The results 
are presented in Fig. 5-12, which their phylogenic groups have been segregated to 
Alpha-, Beta-, Gamma-, Delta- classes of Proteobacteria and Bacterioidetes. These 5 
groups consisted of most (90-98%) of the phylogenic groups found in the DNAs 
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extracted, which means QQ can potentially target most of the bacteria in the mixed 
liquor due to genetic similarity. The effect of dosing on alpha biodiversity was 
analyzed in terms of total observed otus (Fig. 5-13), Menhinick’s richness index (Fig. 
5-14), Simpson’s evenness index (Fig. 5-15), Simpson’s diversity index (Fig. 5-16) 
and Shannon-Weiner’s diversity index (Fig. 5-17). The effect of dosing on beta 
biodiversity was analyzed in terms of Unweighted Unifrac metrics (Fig. 5-18 and 
5-19, segregated by dosing QQ bacteria and by sampling month, respectively). 
 
Fig. 5-12: Changes in relative abundance of major phylogenic groups in reactor mixed liquor 
determined from DNA sequencing data for phase 0 (baseline cycle) and phase 1. (May 2015 
onwards) Except a single toggle in May 2015 / R3, relatively stable community structure was 








Fig. 5-13: Observed otus of the mixed liquor samples. From top to bottom: Orange line: 
baseline (April samples, no dosing) Green line: R3 (P. putida) Red line: R2 (B. cereus) Blue 
line: R1 (control, no dosing) 
 




Fig. 5-14: Menhinick’s richness index of the mixed liquor samples. From top to bottom: 
Orange line: baseline (April samples, no dosing) Green line: R3 (P. putida) Red line: R2 (B. 
cereus) Blue line: R1 (control, no dosing) 
 




Fig. 5-15: Simpson’s evenness index of the mixed liquor samples. From top to bottom: 
Orange line: baseline (April samples, no dosing) Green line: R3 (P. putida) Red line: R2 (B. 
cereus) Blue line: R1 (control, no dosing) 
 




Fig. 5-16: Simpson’s diversity index of the mixed liquor samples. From top to bottom: 
Orange line: baseline (April samples, no dosing) Green line: R3 (P. putida) Red line: R2 (B. 
cereus) Blue line: R1 (control, no dosing) 
 




Fig. 5-17: Shannon-Weiner’s diversity index of the mixed liquor samples. From top to bottom: 
Orange line: baseline (April samples, no dosing) Green line: R3 (P. putida) Red line: R2 (B. 
cereus) Blue line: R1 (control, no dosing) 
 




Fig. 5-18: Parallel coordinates (PCoA) plots for Unweighted Unifrac metrics of the MBR 
mixed liquor samples, segregated by dosing QQ bacteria. Purple dots: Control MBR; Red 
dots: P. putida; Yellow dots: B. cereus; Blue dots: April baseline samples 
 




Fig. 5-19: Parallel coordinates (PCoA) plots for Unweighted Unifrac metrics of the MBR 
mixed liquor samples, segregated by sampling month. White: April baseline samples; Yellow 
dots: May samples; Orange dots: June samples; Red dots: July samples 
 
During the baseline cycle, all the 3 MBRs had comparable relative abundance of each 
major phylogenic group of bacteria, except slightly higher percentage of 
Gammaproteobateria was present in R1. Other percentage differences were all within 
7%. In May 2015, which was the first month of phase 1, there was a sharp increase 
(more than 40%) in Alphaproteobacteria and decrease in Betaproteobacteria and 
Bacteroidetes in R3 (dosed with P. putida). Reduction in Bacteroidetes levels was also 
observed in R2 (dosed with B. cereus). One month later, the sharp increase in 
Alphaproteobacteria in R3 was reverted, while R2’s bacterial community was 
relatively stable. The three MBRs again had comparable relative abundance for each 
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phylogenic group of bacteria. In the last 2 samples (i.e., June and July 2015), all the 
MBRs had comparable bacterial community structure with Betaproteobacteria and 
Bacteroidetes contributing to more than 60% of the total population. Also, from April 
to July 2015 and for all the MBRs, there was a global gradual increase in percentage 
of Alphaproteobacteria and Betaproteobacteria, with a decrease in 
Deltaproteobacteria. Alpha biodiversity of the reactor mixed liquor remained 
relatively stable and comparable, although it decreased slightly compared to the 
baseline cycle with the onset of phase 1, likely because for the phase 0 sample the 
sludge community was still in process of adaptation to the synthetic wastewater feed. 
The beta diversity charts (Fig. 5-18 and Fig. 5-19) also showed the data points were 
not clustered based on dosing different QQ bacteria, but instead clustering was 
observed from samples (different dosing condition) taken at the same months. This 
suggested the MBR mixed liquor had not experienced any shift in community 
structure due to dosing different bacteria, as the samples shared similar beta diversity. 
 
Overall relative abundance of each major phylogenic group of bacteria has the 
following ranking: Bacteroidetes (35%) > Betaproteobacteria (28%) > 
Gammaproteobacteria (14%) > Deltaproteobacteria (10%) > Alphaproteobacteria 
(9%). The trend was followed by all the MBRs with all samples having more than 50% 
Bacteroidetes and Betaproteobacteria except for one sample, R3 in May 2015, in 
which Alphaproteobacteria dominated. This suggested that the MBRs’ mixed liquor 
community structures were not significantly changed by the dosing of pure culture 
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QQ bacteria. The dosed bacteria remained detectable (up to family level for B. cereus 
and genus level for P. putida) but contributed very small percentages (<0.3%) to the 
whole mixed liquor populations. The only samples with significant change in mixed 
liquor community structure were from May 2015, which was close to the start of 
phase 1. It can be concluded that the current dosing strategy only produced short-term 
effects on mixed liquor bacterial community, and dosing QQ bacteria had no negative 
impact on either alpha or beta biodiversity in the MBR mixed liquor. 
 
5-5-2. Discussions 
Due to large differences in feed, initial sludge seeding and operating conditions, 
which all have significant impact on bacterial community, it is difficult to make 
generalized comparisons with literature data on the mixed liquor community structure 
data reported here. For example, one study on a full-scale MBR, using FISH, reported 
Alphaproteobacteria and Chloroflexi to be major phylogenic groups found in the 
mixed liquor, which was very different from this study (Miura et al., 2007). Another 
study on community structure of a pilot-scale MBR, using denaturing gradient gel 
electrophoresis (DGGE) followed with sequencing the distinct bands of separated 
DNAs, found the predominant species to be Alpha-, Beta- and Gamma-proteobacteria 
(Molina-Muñoz et al., 2009). However, a study on a full-scale MBR with a 
nitrification/denitrification compartment and additionally supplied with 
acetate/butyrate to enhance denitrification revealed Bacteroidetes and 
Betaproteobacteria to be the most dominant group in the system (Wan et al., 2011), 
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which is quite close to the community structure found in this study. Interestingly, the 
feed in the current study also contained a simple carbon source (glucose) and 
ammonium salts as the main nitrogen source, which suggested the dominant species 
in the mixed liquor in the current study would also be species most benefited from the 
nitrification and denitrification process. Since there was no specially designed anoxic 
zone in the reactors, it is expected that these 2 groups mainly contributed to the 
nitrification process. Overall, dosing QQ did not change mixed liquor community 
structure in the long term since dominant groups were more influenced by nutrient 
concentrations in the feed. 
 
5-6. Effect of Dosing Pure Culture QQ Bacteria on Pollutant Removal 
In phase 1, the MBRs were fed with synthetic wastewater which had following 
concentrations for pollutants: COD 350 ± 30 mg/l, TN 8.0 ± 2.0 mg/l, TP 19.0 ± 5.0 
mg/l. MBRs were operated continuously with 8 min / 2 min on / off cycles, HRT of 8 
hours and SRT of 10 days. Percentages of COD, TN and TP removal were presented 
in Fig. 5-20. TN was computed from TN content in the samples by summing 
ammonia, nitrite and nitrate concentrations and all converted to nitrate equivalent 
values. All MBRs achieved excellent COD removal at over 90% and relatively high 
nitrogen removal at 60-70%. Phosphorous removal was purely achieved through 
sludge withdrawal, as the reactors did not have anaerobic compartments to enhance 
biological phosphorous removal. The pollutant removal efficiencies were comparable 
between control and QQ bacteria-fed MBRs, suggesting QQ did not affect biological 
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1. In their free-cell forms, dosing P. putida (R3) produced the most significant fouling 
reductions compared to MBRs either without dosing of any QQ bacteria (R1, control 
reactor) or dosing with B. cereus (R2). Fouling reduction was statistically significant 
for 2 out 4 cycles completed. Dosing P. putida reduced fouling, in terms of 
consistently lower maximum TMP reached for all cycles, achieved a stable TMP 
profile, a slower onset of deterioration (irrecoverable fouling) due to chemical 
cleaning and less biofilm observed on the membrane at the end of this phase. 
 
2. Dosing B. cereus was still better overall than without dosing QQ bacteria. Increased 
membrane fouling was observed at the beginning, but recovered and became better 
than the control reactor for the later cycles in this phase. The bacteria also caused 
weaker biofilm to be formed on the membrane, which some part had sloughed off 
during operation and caused the TMP to reduce during a cycle of operation. 
 
3. Dosing every 14 days had successfully improved fouling for both QQ bacteria 
dosed MBRs, while not impacting the mixed liquor characteristics (MLSS and 
MLVSS), their community structure and treatment efficiencies.  
 
4. Reduced swimming motility compared to the control reactor was observed in the 
mixed liquor of MBRs dosed with QQ bacteria. B. cereus (R2) showed stronger 
inhibition on all motility reporting bacteria than P. putida. (R3) The reason is likely 
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due to B. cereus actively produced excess QQ enzymes, while P. putida needed some 
autoinducers to be present to initiate quencher production, asserting tight regulation 
on autoinducer levels in the MBR mixed liquor. 
 
5. Enhanced motility was observed on control reactor effluent, suggesting presence of 
autoinducers in the control reactor. 
 
6. Dosing QQ bacteria did not impact MLSS, VSS, EPS and SMP levels. The 
relatively comparable EPS and SMP (as opposed to other literature findings that QQ 
reduced EPS/SMP) was likely due to the baseline EPS/SMP levels being much lower. 
Therefore, there was almost no SMP fouling and most fouling would be contributed 
by the growth of biofilms. 
 
7. The community structure of mixed liquor in the current study was found to have 
high percentages of Bacteroidetes and Betaproteobacteria, and significant portion of 
bacteria involved in nitrification process. This shows that the synthetic feed consisting 
mostly of simple carbon source (glucose) and ammonium salts as nitrogen source 
strongly impacted the community structure by favoring nitrification process. Dosing 
pure culture QQ bacteria did not have long-term impact on favored biological 
activities, community structure, alpha and beta biodiversity, which were more 
significantly influenced by nutrient levels in the feed. 
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8. The results demonstrated that QQ through dosing wild type, free living QQ bacteria 
could be an affordable and sustainable process, offering long-term stable operations 
for small MBR reactors (not exceeding 5 m3). Low cost is involved in the preparation 
of QQ bacteria and there is no proprietary technology or culture used. 





Evaluation of QQ Bacteria Entrapped Bioballs to Control Microbial 
Biofouling in Membrane Bioreactors (MBRs) 
 
 
6-1. EMMC Bioball Preparation and Characterization 
The 2 QQ bacteria (i.e., B. cereus and P. putida) used for dosing experiments in 
Chapter 5 were inoculated in 2-L flasks for EMMC (entrapped mixed microbial cell) 
(Yang & See, 1991) bioball preparation. The bioball prepared had average size of 
about 10 mm. To confirm that the pure culture QQ bacteria survived the bioball 
preparation process, which involved contact with 2 organic solvents, dichloromethane 
and toluene, the bioballs were inoculated in sterile LB broth for 1 week to re-vitalize 
the cells prior to being loaded into the MBRs. For both bacteria, no growth was 
observed in the first 2 days (Fig. 6-1: c). However, after 3 days, growth was observed 
(Fig. 6-1: d). Inoculation of the broth on LB agar plates produced colonies with 
similar morphology to colony observed when inoculating from pure culture broth (Fig. 
6-1: e). However, some contamination was also observed, likely introduced during 
bioball preparation process and was expected since exposure to air could not be 
avoided during bioball preparation process. This observation suggested that the QQ 
bacteria survived the bioball preparation process and most of the living cells inside 
the bioballs were of the QQ bacteria. The delayed growth was possibly due to cells 
slowly migrating from inside the bioball to the surface, where nutrients were more 
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Fig. 6-1: Bioball preparation of pure culture QQ bacteria. a: Reagents: Cells mixed with 
dichloromethane placed next to toluene for hardening of CTA bioballs b: Prepared B. cereus 
(left) and P. putida (right) bioballs with hardened CTA wrapping a small carrier c: P. putida 
bioballs inoculated for 2 days showing no growth d: P. putida and B. cereus bioballs 
inoculated for 4 days showing growth e: Colony comparison for B. cereus bioballs showing 
similar colony morphology. The 2 right plates were inoculated from broth containing B. 
cereus bioballs, while the other 4 plates were inoculated from pure-culture broth of B. cereus 
 
 
6-2. Effect of QQ Bacteria Bioballs on Membrane Fouling 
 
6-2-1. Low flux phase results 
Evaluation of the EMMC QQ bacteria bioballs comprised of a low flux phase and a 
high flux phase. The low flux phase used similar flux as the phase 1, where QS 
bacteria was introduced into the MBR through dosing, and also kept the same 
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membrane cleaning protocols. This phase lasted 38 days and comprised of 2 cycles. 
Fifteen EMMC bioballs were loaded in each MBR. Mixed culture bioballs were 
loaded in R1 as control reactor, B. cereus bioballs were loaded in R2 and P. putida 
bioballs were loaded in R3. As shown in Fig. 6-2, R3 loaded with fifteen P. putida 
bioballs had the least fouling in both cycles. R2 (B. cereus bioballs) had an increased 
front-end TMP compared to both R1 and R3, but the back-end fouling and highest 
TMP reached in each cycle was still lower than those of the control reactor. The 
control reactor, R1 (loaded with sludge bioballs) had comparable front-end TMP to 
R3, but the back-end fouling was the worst among the 3 MBRs. Statistical analysis 
(Table 6-1) showed R3 was statistically the best reactor in cycle 1. 
 
The TMP trend in cycle 1 was similar to the last 2 cycles of the TMP data in phase 1, 
and similarity may be partially explained by the significant population of free QQ 
bacteria that was still present at the beginning of the cycle 1. However, it can be 
observed that the TMP trend for R2 in the cycle 2 started to shift to a new pattern of 
having reduced fluctuations, suggesting the process has become more stable by the 
introduction of EMMC bioballs and reduction of the free living cell population. 
Remarkably, R1 also kept low fouling levels for at least a week before the TMP 
started to rise in both cycles. Compared to the last cycle in phase 1 (Fig. 5-1), fouling 
improved for all the MBRs except the 1st cycle for R2. Since none of the membranes 
were changed at the start of this phase and deterioration due to chemical cleaning can 
only worse off, it can be concluded that the introduction of EMMC bioballs improved 
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TMP. The effect was possibly due to the scouring effect of the bioballs to keep large 
floc particles away from the membrane surface, but also due to the gradual 
diminishing population of free living QQ bacteria. The rapid rise in TMP due to 
biofilm formation at the back-end of each cycle was not delayed or prevented by the 
bioballs though, and fouling performance differences between the MBRs should be 
due to the QQ bacteria entrapped in the bioballs. 
 
On the other hand, the TMP of R3 increased to levels much higher (60 kpa) than the 
typical maximum TMPs reached in previous cycles (less than 40 kpa) at the end of 
cycle 2. This was an indicator that P. putida cells entrapped in EMMC bioballs did not 
work as well as when they were in free-cell form. Entrapped B. cereus cells resulted 
in similar TMP and fouling after comparing the TMP trends in phase 2 and phase 1, 
suggesting entrapped B. cereus worked at least as well as when they were in the 
free-cell form. 
 




Fig. 6-2: TMP trend for phase 2: low flux phase. The flux remained at 6.5l/m2hr (same as 
phase 1) and membrane cleaning carried out for all membranes once one of the membranes 
hit 80kpa. Similar TMP performance compared to phase 1 was observed: R3 (P. putida 
bioballs) had the least fouling, followed by R2 (B. cereus bioballs) and R1 (mixed culture 
bioballs) More stable front-end TMP suggested short term improvement of EMMC bioballs 
 
 
Table 6-1: Statistical analysis on TMP for each cycle in the low flux phase in phase 2. 
p-Value is computed with non-paired, 1-sided, non-equal-variance student’s t-test and p-Value 
<0.05 is statistically significant 
 
Cycle# R1 R2 R3 




Improvement p-value Average 
TMP 
Improvement p-value 
Phase 2 #1 48.74 50.53 (1.79) 0.85 22.00 26.74 0.01 
Phase 2 #2 36.92 43.08 (6.16) 0.63 21.75 15.17 0.24 
 
6-2-2. High flux phase results 
The low flux phase was followed immediately with the high flux phase, after 
chemically cleaning all the membranes. The same bioballs, which were loaded at the 
beginning of the low flux phase, were continued to be used in the high flux phase. The 
flux was increased by 50% to 9.8 l/m2h, thus the HRT was decreased from 8 h to 5.33 
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h. The high flux phase lasted for 62 days. Each membrane was cleaned separately and 
immediately after reaching 80 kpa. It can be observed that R2 had clearly become the 
least fouled MBR, which had only undergone 3 chemical cleanings, while R1 had to 
go through 7 cleanings and R3 had to go through 9 (Fig. 6-3). This is a drastic change 
from the low flux runs, where R3 had consistently been the best MBR in terms of 
membrane fouling. The average cycle lengths were 7.8 days for R1, 15.5 days for R2 
(99% longer compared to control MBR) and 5.9 days for R3. During high flux runs, 
all MBRs had reduced cycle lengths and increased membrane fouling due to the 
significantly increased in flux compared to low flux cycles. However, R2 (B. cereus 
bioballs) was the least impacted, suggesting QQ from B. cereus helped to offset the 
impact due to increased flux. On the other hand, R1 and R3 experienced significantly 
increase in fouling and reduced cycle lengths compared to previous low flux cycles. 
 
 
Fig. 6-3: TMP Trend for phase 2: high flux phase. The flux increased 50% to 9.8l/m2hr. The 
membranes were cleaned immediately once TMP reached 80kpa or higher. The TMP data 
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points that triggered chemical cleaning were highlighted by larger-sized icons. During the 62 
days operation, R2 (loaded with B. cereus bioballs) clearly had least fouling with only 3 




This study is the first application of entrapping QQ bacteria with the entrapped mixed 
microbial cell (EMMC) process for biofouling control. In previous literature studies 
with QQ bacteria, the process closest to EMMC bioballs would be the CEB (cell 
entrapped beads) process (Kim et al., 2013), which entrapped QQ bacteria cells in 
small alginate beads (averaged 3.5 mm in diameter). The production of CEBs do not 
require toxic organic solvents and survival of microorganisms can be ensured. The 
production of EMMC bioballs requires 2 solvents that are toxic to the cells, hence it is 
necessary to check at least some cells survived the immobilization process. The 
bioballs were also incubated in LB medium for at least a week to revitalize the cells. 
The benefit of using EMMC bioballs is they possess much higher physical strength 
and are also harder to be biodegraded than CEBs, hence theoretically they last much 
longer in the MBR, and possibly can also produce greater friction on the membrane 
biofilm as a secondary mechanism for fouling control, which the effect has been 
observed in the low flux cycles in this study. 
 
In this phase, R2 (B. cereus bioballs) was clearly the least fouled MBR, with 99% 
longer average cycle time compared to the control MBR, while the former best reactor 
R3 (P. putida bioballs) significantly worsened. R3 performed as bad as the control 
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reactor in terms of membrane fouling. At the end of the low flux phase, the P. putida 
bioball loaded R3 already showed sign of significantly increase in fouling (Fig. 6-2). 
This suggested that bioball entrapped P. putida had reduced capability to produce QQ 
enzymes compared to free cells. It is unlikely that the bioball CTA layer created a 
physical barrier, which completely blocked transportation of AHL molecules and 
enzymes; otherwise the less impaired capability of B. cereus bioballs would be 
unexplainable. However, it is expected that transportation through the polymer layer 
(main mode would be diffusion) would be much slower compared to the free mixed 
liquor for all nutrients, AHL molecules and enzymes. The key difference between P. 
putida and B. cereus is that the former bacteria tightly regulates AHL levels through 
an antuoinduced lactonase-like enzyme production triggered by high AHL levels 
(Fekete et al., 2010), whereas B. cereus produced QQ enzymes regardless of AHL 
levels. Inside EMMC bioballs, COD, dissolved oxygen and other nutrient levels 
dropped quickly and inner regions of EMMC bioballs are expected to be anoxic or 
even anaerobic (Liu et al., 2013). Since AHL concentrations are very low compared to 
nutrient levels, it would quickly drop to “sub-autoinducing” levels just across a short 
distance through the CTA matrix, even though the nutrient levels may still be high 
enough to support cell growth. The result is high percentage living P. putida cells that 
would not produce QQ enzymes due to low AHL levels detected by the cells. This 
effect does not happen in B. cereus and much larger percentage of B. cereus cells can 
still produce the QQ enzyme. Additionally, active production of QQ enzyme also 
helped B. cereus to be the dominant species in the bioballs, while P. putida bioballs 
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would be susceptible to be colonized by other bacteria species in the MBR mixed 
liquor. B. cereus, similar to other members of bacillus class, formed highly resilient 
endospores when environmental conditions became unfavorable for growth. It is 
possible that B. cereus had higher percentage of cells surviving the immobilization 
process and nutrient deficient regions in the CTA bioballs through endospores, and 
re-grew into full vegetative cells once conditions became more favorable. DNA 
sequencing analysis (Table 6-2) confirmed that B. cereus cells survived much better 
than P. putida cells at the end of the run, with 16.7% abundance in R2’s EMMC 
bioballs compared to 1.0% abundance in R3’s EMMC bioballs. 
Table 6-2: Relative abundance (%) of major phylogenic groups in EMMC bioballs 
determined by DNA sequencing. R1: Control reactor mixed culture bioball; R2: B. cereus 
bioball; R3: P. putida bioball; B. cereus / P. putida: control pure culture samples 
 
Group R1 R2 R3 B. cereus P. putida 
B. cereus (Order) 1.10 16.69 5.01 99.62 0.00 
P. putida (Order) 0.59 0.38 1.04 0.07 100.00 
Bacteroidetes 38.85 19.39 26.62 0.02 0.00 
Alphaproteobacteria 9.84 9.67 11.36 0.13 0.00 
Betaproteobacteria 30.71 40.27 38.50 0.03 0.00 
Other Gammaproteobacteria 1.91 2.60 6.90 0.00 0.00 
Deltaproteobacteia 2.48 1.28 2.38 0.00 0.00 
Others 14.52 9.73 8.21 0.13 0.00 
 
Also, compared to phase 1 and early phase 2 data, it can be observed that B. cereus 
produced a more stable TMP profile in its immobilized bioball form than its free cell 
form (Fig. 5-1, 6-3 and 6-4). The EMMC bioballs improved stability likely through 
their scouring effects on the weakly attached biomass formed on the membrane. In 
phase 1, it was observed that although dosing B. cereus resulted in biofilm formation, 
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the biofilm was only weakly attached to the membranes and would be easily removed 
by the scouring effect from the bioballs. 
 
In summary, for the first time, the fouling reduction evaluation using pure culture QQ 
bacteria with the EMMC process proved to be quite successful on B. cereus, but not 
on P. putida. The bioballs themselves improved TMP through scouring effects 
throughout the cycles, but did not prevent biofilm formation towards the end of the 
cycles. In the high flux phase, autoinduced quencher production mechanism coupled 
with low AHL levels in the CTA matrix was likely the root cause of poor fouling 
reduction performance of P. putida bioballs compared to its free-cell form. B. cereus 
was the better choice to be used for EMMC bioball entrapment based on the 
consistent fouling reduction observed both in the low flux phase and high flux phase. 
The improved performance resulted from 2 factors: B. cereus quencher production is 
not regulated by AHL levels, and immobilized B. cereus actually produced more 
stable fouling reduction compared to its free-cell form due to scouring effect of the 
EMMC bioballs. 
 
6-3. Effect of QQ Bacteria Bioballs on Effluent Autoinducer and Quencher Levels 
through Swimming Motility Assays 
 
To further confirm that fouling reduction by B. cereus bioballs was due to QQ, 
swimming motility assays for the MBR mixed liquor were conducted on 2 motility 
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reporting bacteria: A. tumefaciens and B. subtilis. This time, additional motility assays 
were also conducted on A. tumefaciens with additional C8-HSL. C8-HSL is an AHL 
that enhanced swimming motility for A. tumefaciens. The results showed that R2’s (B. 
cereus bioballs) and R3’s (P. putida bioballs) mixed liquor samples were still able to 
reduce motility on A. tumefaciens and B. subtilis (Fig. 6-4, 6-5 and 6-6). Motility 
reduction was highest for B. cereus bioballs (23%±8% and 48%±7% on A. 
tumefaciens and B. subtilis, respectively, compared to the control MBR mixed liquor 
samples). P. putida bioballs produced less motility reductions (9%±8% and 35%±7% 
on A. tumefaciens and B. subtilis, respectively, compared to the control MBR mixed 
liquor samples) In phase 1, it was also observed that R2’s (dosed with B. cereus) 
effluent produced stronger motility inhibition than R3’s (dosed with P. putida) effluent, 
suggesting that B. cereus produced QQ effect on both AHL and AI-2. Both its 
free-cell (dosing) form and immobilized EMMC bioball form produced QQ effects, 
and the quenchers were also present in both the mixed liquor and the effluent. Of the 
2 QQ bacteria being evaluated, B. cereus produced stronger QQ effect, which is 
consistent with the finding that B. cereus bioballs produced significantly better 
fouling reduction compared to P. putida bioballs in this phase. The strong QQ effect 
by B. cereus bioballs was also unaffected with the introduction of addition AHL 
(C8-HSL at 10 mg/L) to the motility assay agar plates, whereas addition of AHL 
resulted in less effective motility reduction for P. putida bioballs (Fig. 6-4). 




Fig. 6-4: Swimming motility reduction by reactor mixed liquor (phase 2, high flux phase). 
DIW was used as control and all motility data have been normalized with DIW’s average as 
100%. Reactor mixed liquor was centrifuged at 9000rpm for 10min and the supernatant was 
collection and filtered through 0.2µm syringe filter. Filtered mixed liquor comprised 10% of 
final agar volume 
 
  






Fig. 6-5: Effect on swimming motility by reactor mixed liquor. The mixed liquor were sterile 
filtered, diluted with DIW and mixed with 2X swim agar plants to make final agar 
concentration of 0.4%. The mixed liquor constituted 10% of final agar volume. Equal volume 
of DIW was used as control. a: A. tumefaciens + DIW b: A. tumefaciens + R1 c: A. 
tumefaciens + R2 d: A. tumefaciens + R3 e: B. subtilis + DIW f: B. subtilis + R1 g: B. subtilis 
+ R2 h: B. subtilis + R3 
 





Fig. 6-6: Effect on swimming motility by reactor mixed liquor on A. tumefaciens, with 
additional AHL mixed in swim agar plates. AHL concentration was 10 mg/l. Slightly 
increased motility was observed on R3’s mixed liquor. a: DIW b: R1 c: R2 d: R3 
 
6-4. Effect of QQ Bacteria Bioballs on Mixed Liquor Characteristics: MLSS, VSS, 
EPS, and SMP 
 
6-4-1. Results 
Mixed liquor characterization (MLSS, MLVSS, EPS, SMP) data are shown in Fig. 6-7 
(MLSS/VSS), Fig. 6-8 to 6-9 (EPS) and Fig. 6-10 to 6-11 (SMP). Both EPS and SMP 
were further classified into proteins and polysaccharides (carbohydrates) fractions, 
and reported in both absolute (mg/l) and relative (mg/gVSS) values. In addition, both 
bar charts and trend charts are presented. 




In phase 1, it has been shown that dosing pure culture QQ bacteria mostly did not 
change the mixed liquor characteristics. As shown in Fig. 6-7, R1 and R2 (loaded with 
15 mixed culture and B. cereus bioballs, respectively) mostly had comparable MLSS 
and VSS concentrations, although the average MLSS and MLVSS values were 
slightly lower in R2 (9% and 8% lower in MLSS and MLVSS, respectively). It can 
also be observed that both the R1 and R2 had significantly higher MLSS and MLVSS 
after the flux was increased from 6.5 l/m2h to 9.8 l/m2h (Average MLVSS increased 
by 81% and 103% for R1 and R2, respectively). The higher flux provided more 
substrates and nutrients to the mixed liquor microorganisms and higher biomass was 
formed as a result. On the other hand, R3 had lower MLSS and MLVSS compared to 
the other 2 MBRs (27% lower MLSS and MLVSS compared to R1). R3 also did not 
respond to increased flux with increased biomass. Instead, the MLVSS of R3 
decreased by 25% after switching to high flux cycles. 
 
Unlike MLSS and MLVSS, there were no significant changes observed on EPS and 
SMP concentrations in terms of absolute values (mg EPS/SMP per L mixed liquor) 
(Fig. 6-8 and 6-10). The average EPS and SMP values were mostly comparable 
among the MBRs and there was also no obvious change in the EPS and SMP 
concentrations after switching to high flux cycles. There were some reduction in the 
concentrations of EPS protein for R3 (Fig. 6-8: c) and SMP polysaccharides for R2 
(Fig. 6-10: d). In the relative values charts, the more significant increase in mg 
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EPS/SMP per g VSS ratio in R3 were due to a decrease in the MLVSS in the latter 
half of the operation period. 
 
Data for EPS extracted from the membrane biofilm (biocake) are shown in Fig. 6-12. 
Unlike the mixed liquor data, which showed comparable EPS and SMP 
concentrations among the MBRs, the biofilm EPS was lower for R2 (for 
polysaccharides) and higher for R1 (for proteins). The biofilm EPS concentrations 
correlated well with the severity of fouling, whereby the R2’s membrane was the least 
fouled, even though the membrane samples were all taken during high TMP. This also 
showed biofilm EPS was a better fouling indicator than mixed liquor EPS or SMP 
especially for low SMP MBR.  
  
  
Fig. 6-7: Effect of QQ bacteria / mixed culture bioballs on MLSS/VSS. a: MLSS (bar chart) 
b: VSS (bar chart) c: MLSS (trend) d: VSS (trend) 





Fig. 6-8: Effect of QQ bacteria / mixed culture bioballs on EPS (absolute). a: Proteins (bar 
chart) b: Polysaccharides (bar chart) c: Proteins (trend) d: Polysaccharides (trend) 
   
  
Fig. 6-9: Effect of QQ bacteria / mixed culture bioballs on EPS (relative). a: Proteins (bar 
chart) b: Polysaccharides (bar chart) c: Proteins (trend) d: Polysaccharides (trend) 





Fig. 6-10: Effect of QQ bacteria / mixed culture bioballs on SMP (absolute). a: Proteins (bar 
chart) b: Polysaccharides (bar chart) c: Proteins (trend) d: Polysaccharides (trend) 
  
  
Fig. 6-11: Effect of QQ bacteria / mixed culture bioballs on SMP (relative). a: Proteins (bar 
chart) b: Polysaccharides (bar chart) c: Proteins (trend) d: Polysaccharides (trend) 








In phase 2, the MLSS and MLVSS concentrations of R3 were unexpectedly lower 
than those of the other 2 MBRs, and did not experience increased MLSS and MLVSS 
concentrations after switching to high flux cycles. Mixed liquor EPS and SMP 
concentrations were mostly comparable among the MBRs. The lower-than-expected 
MLSS and MLVSS concentrations in R3 were likely due to the R3 experiencing a 
gradual reduction in biological activities, coupled with increased cell death and/or 
de-stabilized floc structure that would eventually result in increased SMP in the MBR. 
A couple of observations supported this hypothesis. Firstly, the EPS of R3 was 
slightly lower than those in the other 2 MBRs. However, the SMP levels were slightly 
higher, especially towards the end of the run, suggesting some EPS had transferred to 
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SMP portion caused by cell death and floc disintegration (Fig. 6-10). Secondly, the 
floc structures observed under FISH (Section 6-5) also showed to be weakened with 
massive amount of planktonic cells present, which was abnormal for a mixed liquor 
sample. Lastly, the TN removal rate in R3 was also reduced (In higher flux phase, 
average TN removal was 29%, lower than R1’s 42% and R2’s 41%). This suggested 
nitrification activity was suppressed compared to the other 2 MBRs. 
 
The reduced biological activities were strongly attributed to the introduction of P. 
putida EMMC bioballs. All the MBRs had identical feed and operating conditions, 
however, the other 2 MBRs loaded with EMMC bioballs did not have reduced cellular 
metabolisms rates for growth and pollutant removal. In addition, during phase 1 when 
P. putida was introduced in the free-cell form, there was also no reduced biological 
activity observed. A possible cause for the gradual decline in biological activities 
could be due to the biodegradation activity by P. putida inside the EMMC bioballs. P. 
putida has been recognized for its remarkable metabolic activities to biodegrade a 
wide range of often toxic substrates that would be otherwise difficult to be 
biodegraded including phenol, (Bettmann and Rehm, 1985) toluene, benzene 
(Abuhamed et al., 2004) and polycyclic aromatic hydrocarbons (Doong and Lei, 
2003). The bioballs consisted mostly of cellulose triacetate (CTA) and possibly there 
was also some residue toluene and dichloromethane left, even after repeated washing. 
The entrapped P. putida cells had reduced access to other nutrients (glucose would be 
quickly metabolized by mixed liquor microorganisms) and might switch to metabolize 
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CTA, toluene or dichloromethane instead. While bio-degrading these compounds, 
residue toluene, dichloromethane and related growth-hindering metabolic byproducts 
might be released from the weakened CTA matrix, thus creating toxicity effect on 
mixed liquor bacteria. Further studies to verify increased concentrations of these 
products would be helpful to prove the hypothesis. Another possible explanation was 
QQ by P. putida causing weakened floc structure. However, this was unlikely since 
the free-cell form did not cause reduced biological activities and through motility 
assays it was shown that the reactor mixed liquor in phase 2 had almost no QQ 
activity. 
 
Overall, B. cereus bioball loaded R2 was observed to have comparable MLSS, EPS 
and SMP levels to the control reactor loaded with mixed culture bioballs, while P. 
putida bioball loaded R3 produced lower MLSS and MLVSS concentrations than 
anticipated. This further confirmed B. cereus was the better candidate to be used for 
the EMMC process since it did not affect the mixed liquor biological activities. 
 
6-5. Effect of QQ Bacteria Bioballs on Mixed Liquor Microbial Community 
 
6-5-1. Results 
For phase 2, mixed liquor microbial community was analyzed with FISH. Mixed 
liquor samples from each MBR were mounted on 4 different slides, each slide 
hybridized with a green fluorophore (6-FAM)-labeled DNA oligonucleotide probe 
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targeting 16S or 23S rRNA genes of one of the following classes of Proteobacteria, 
(Alpha-, Beta-, Gamma-, Delta) together with a red fluorophore (Cyanine-5)-labeled 
oligonucleotide probe targeting 16S rRNA gene of all bacteria. Ten representative 
FISH images from each sample were taken with Epi-fluorescence microscope 
(Olympus BX51) with 1 second exposure time at ISO200. The composite images 
shown in Figs. 6-14, 6-15 and 6-16 were produced from combining the red and green 
images (captured separately on the same location) using Olympus DP Manager 
software. In order to find the relative intensity of the green and red areas, the separate 
green and red channel images were analyzed for their percentage area of the color 
pixies with ImageJ® with green images threshold of 30 and red images threshold of 1 
(Image J.). Due to the Cyanine-5 fluorophore (red) producing weaker fluorescence 
response compared to the 6-FAM fluorophore (green), the threshold setting for the 
green channel was much higher than the red channel. The computed percentage areas 
were converted to relative abundance Proteobacteria classes and the result are shown 
in Fig. 6-13. Since there was no specific probe used on Bacteroidetes, they have been 
included together with the “Others” group. Based on the DNA sequencing results of 
the mixed liquor samples, (Chapter 5, Section 5-5) most of these cells not hybridized 
by the Proteobacteria probes would belong to Bacteroidetes, while cells not belong to 
either Proteobacteria or Bacteroidetes would comprise just 5% of total population on 
average. 
 




Fig. 6-13: Relative abundance of major phylogenic groups in reactor mixed liquor determined 
from FISH (fluorescent-in-situ-hybridization) during high flux cycles 
  







Fig. 6-14: Composite images for mixed liquor samples from R1 (loaded with mixed culture 
bioballs) hybridized with probes designed specifically for classes of Proteobacteria. (green) 
All-bacteria probes EUB338, EUB338-II and EUB338-III (red) were used to as a general 
hybridization probe for all bacteria. Unique elongated Betaproteobacteria cells were prevalent 
for R1 but not observed on samples from the other 2 reactors. These images show that 
Betaproteobacteria predominate but there were also large population of cells not hybridized 
by Proteobacteria probes. a: Alpha (ALF1b) b: Beta (BET42a) c: Gamma (GAM42a) d: 
Delta (SRB385 + SRB385Db) Scale bar: 10µm 
 





Fig. 6-15: Composite images for mixed liquor samples from R2. (loaded with B. cereus 
bioballs) These images show that Gamma-proteobacteria predominate. a: Alpha (ALF1b) b: 
Beta (BET42a) c: Gamma (GAM42a) d: Delta (SRB385 + SRB385Db) Scale bar: 10µm 
  





Fig. 6-16: Composite images for mixed liquor samples from R3. (loaded with P. putida 
bioballs) These images show that Beta- and Gamma-proteobacteria predominate and in large 
numbers in free cell form. a: Alpha (ALF1b) b: Beta (BET42a) c: Gamma (GAM42a) d: 




The relative abundance of classes of Proteobacteria of the mixed liquor sample 
collected in phase 2 (high flux phase) had several similarities compared to phase 1 
DNA sequencing data presented earlier (Section 5-5). All the MBRs had relatively 
abundant Betaproteobacteria, comprising 16% to 42% of the bacteria population, 
while percentages for Alphaproteobacteria and Deltaproteobacteria were relative low 
in the population, ranging from 5% to 12%. Since the synthetic wastewater feed was 
not changed, the abundance of Betaproteobacteria agrees with previous findings that 
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this class predominated because they benefited most from the nitrification processes 
encouraged by the simple carbon and ammonium feed. The main differences from 
phase 1 DNA sequencing data are Betaproteobacteria population in R3 and 
Gammaproteobacteria in R2 and R3 had significantly increased. R1’s relative 
abundance of bacteria population remained relatively unchanged. The shift in 
community could be a response to an increased flux (i.e., 9.8 l/m2h versus 6.5 l/m2h). 
In a previous sludge bacterial community study also using FISH, a shift in activated 
sludge community from aggregates of Betaproteobacteria to free living 
Gammaproteobacteria was found when the cells were cultivated in a rich medium 
(Wagner et al., 1993). Possible explanation for the relatively unchanged community 
structure of the control reactor was the introduction of more sludge (i.e., mixed 
culture) bacteria into the MBR in the form of entrapped mixed culture cells, thus 
stabilizing ecological changes. However, it can also be observed from the images that 
a significant portion of fluorescent signal of Gammaproteobacteria derived from the 
free-living cells, and since most of the floc particles were not well hybridized, this 
could mean the relative abundance of Gammaproteobacteria was over-estimated. 
 
FISH has been a useful tool to visualize community structure and morphology of 
water and wastewater bacteria either in the free living form or in clustered aggregates 
(Wagner et al., 1993). Inspection of the mixed liquor samples through FISH yielded 
some interesting observations. It can be observed that for all MBRs, their samples 
mostly contained medium to large sized aggregates (flocs) that would be difficult to 
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be penetrated with the oligonucleotide probes. Sometimes the flocs would simply 
produce dark or black regions interspersed with less populated regions that would be 
more easily hybridized. Often, only a small percentage of bacteria in the flocs would 
be hybridized by the Oligonucleotide probes and therefore, floc bacteria numbers will 
be under-represented compared to free-living bacteria. It has been suggested that 
Alphaproteobacteria were more attached to flocs than other classes of Proteobacteria 
(Wallner et al., 1995), hence the abundance of Alphaproteobacteria obtained through 
FISH would be lower than the actual values. 
 
For R1, unique elongated Betaproteobacteria cells were prevalent in its mixed liquor 
sample (Fig. 6-16: b), and this type of Betaproteobacteria cells were absent in the 
mixed liquor sample from the other 2 MBRs. These long (can be over 30 µm), 
filamentous bacteria should not be related to the filamentous Actinobacteria, which 
were Gram-positive and caused foaming issues in activated sludge processes and 
MBRs (You and Sue, 2009). They likely were introduced by the mixed culture 
EMMC bioballs, which were prepared from sludge samples taken from a 
long-running MBR in the lab. These elongated cells are expected to stabilize the flocs 
through hydrophobic interactions, and so far did not cause major process issue in R1. 
However, they could have contributed to enhanced fouling of R1’s membrane by 
promoting hydrophobic interactions and encourage biomass to be deposited on the 
membrane surface. 
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An overabundance of free-living, cocci-shaped Betaproteobacteria and 
Gammaproteobacteria was observed in the mixed liquor samples of R3 (Fig. 6-16: b, 
c), while free living cells were relatively in small populations for the other 2 MBRs. 
They were not P. putida, since the QQ bacteria are rod-shaped when hybridized with 
the same Oligonucleotide probe (GAM42a) targeting at Gammaproteobacteria. The 
presence of large number of free living cells is not normal, since most bacterial 
population are expected to be living in flocs in the mixed liquor. The FISH 
hybridization solution can cause some floc segregation (Wagner et al., 1995). 
However, large number of free living cells was only observed in the mixed liquor of 
R3. This at least suggested that R3’s flocs were structurally weaker than those of the 
other 2 MBRs. Coupled with the observed slightly lower than expected EPS 
concentration in R3 reported earlier (Section 6.4), it confirmed the correlation of floc 
stability and EPS, as low EPS levels reduced the stability of floc particles. 
 
In summary, results from both the FISH and DNA sequencing data (phase 1) showed 
that there was a high abundance of Betaproteobacteria in the mixed culture. The high 
abundance was likely due to the feed rich in simple carbon source (glucose) and 
ammonium salts, favoring the nitrification processes. While relative abundance of 
bacterial groups was relatively stable in phase 1, a shift in community structure was 
observed in response to the introduction of pure culture EMMC bioballs and increased 
flux. Through Epi fluorescence microscope images, it was also found that sludge 
bioball loaded R1 had abundance of elongated, filamentous Betaproteobacteria, 
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which were expected to enhance floc stability, but could also enhance fouling. On the 
other hand, overabundance of free living cells observed in the mixed liquor of R3 
suggested that floc integrity was compromised in its reactor mixed liquor, and this 
correlated with the finding that R3’s EPS was slightly reduced. 
 
6-6. Effect of QQ Bacteria Bioballs on Pollutant Removal 
Percentages of COD, TN and TP removal efficiency are presented in Fig. 6-17. 
Similar to results in previous chapter, all the MBRs achieved excellent COD removal 
at over 90% and relatively high nitrogen removal at around 50% (except R3 was 
lower at around 40%), while phosphorous removal was lower at 30-40%. The slightly 
lower nitrogen and phosphorous removal compared to phase 1 was likely due to the 
shorter HRT (5.3 h compared to 8 h in phase 1). The pollutant removal efficiencies 
were mostly comparable between the control and QQ bacteria bioball MBRs (except 
R3’s TN removal), suggesting QQ did not affect biological processes involved in 
pollutant removal. The lowered nitrogen removal by R3 is an indicator that R3’s 
biological activity has been relatively reduced due to the slower internalization of 
nitrogen into the cells, and is in agreement with the reduced MLSS and MLVSS 
concentrations and weaker floc structure reported earlier (Sections 6-4 and 6-5). 
 














1. EMMC process can be applied to immobilize pure culture bioballs, and 
experimental results showed that the QQ bacteria survived the entrapment process, 
despite in contact with 2 toxic organic chemicals. Survival was partially helped by the 
relatively high concentration of pure culture cells used for immobilization. 
 
2. The EMMC bioballs helped to improve membrane fouling and slowed the gradual 
rise in TMP for all the MBRs in the low flux cycles, likely due to the scouring effect 
of the bioballs. However, they did not prevent formation of biofilms on the control 
reactor and rapid rise in TMPs towards the end of the cycles. 
 
3. During the high flux phase, B. cereus bioball loaded R2 was clearly the least fouled 
MBR. The introduction of EMMC bioballs and elimination of free cells of the MBR 
helped to stabilize the QQ effect of the bacteria. The bioballs created scouring effects 
and scoured away biofilms, which were already weakened by QQ enzymes produced 
by B. cereus. B. cereus continuously produced lactonase enzymes in the bioballs and 
the production was not regulated by autoinducer levels, which could be very low 
inside the CTA matrix. 
 
4. Swimming motility assays also showed that B. cereus bioball loaded R2 mixed 
liquor produced strong QQ effects on AHLs, and QQ was not negatively impacted by 
additional AHL added to the swim agar plates. 




5. On the hand, P. putida bioball loaded R3 was much worse off in the high flux phase. 
The reduced ability to produce quenchers was likely caused by the reduced 
autoinducer levels in the CTA matrix inside the bioballs, coupled with the high AHL 
levels that were needed for P. putida to turn on QQ enzyme production. Motility assay 
results also showed that the mixed liquor of P. putida bioballs had reduced quenching 
effect on AHLs compared to the B. cereus bioballs. 
 
6. The stronger QQ bacteria B. cereus was the better choice for QQ control in the 
immobilized form, which benefited from the production of excess QQ enzymes. The 
production was not regulated by AHL concentrations in the bioballs, and physical 
attrition of the bioballs helped to stabilize the TMP performance. 
 
7. In phase 2, R1 and R2 still had comparable mixed liquor characteristics in terms of 
the MLSS, EPS and SMP. However, lower-than-expected MLSS values were 
observed in R3. It is hypothesized that microbial activities in R3 was reduced due to 
release of residue toluene, dichloromethane or other toxic metabolic byproducts from 
weakened CTA matrix due to their biodegradation by P. putida, since the bacteria has 
been known to biodegrade compounds (such as toluene) which were not 
biodegradable by other bacteria. HPLC investigation on the mixed liquor and effluent 
samples will help to prove if the hypothesis is true. This phenomenon was not 
observed in other MBRs, and again proved B. cereus was the better candidate to be 
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used for the EMMC process. 
 
9. Community structure analysis through FISH revealed Betaproteobacteria still 
dominated the MBR mixed liquor, although there was also increase in 
Gammaproteobacteria, likely resulted from the higher flux and improved access to 
nutrients. In addition, the FISH images revealed presence of filamentous 
Betaproteobacteria in the mixed liquor of R1, which would help to stabilize the floc 
particles, but could enhance hydrophobic interactions and caused more fouling in R1's 
membrane. Massive cocci-shaped free-living cells were also observed in the mixed 
liquor of R3, suggesting that R3's floc structure was weakened and this observation 
correlated well with reduced EPS found in the mixed liquor of R3. 
 





Conclusions and Recommendations 
 
7-1. Conclusions 
7-1-1. Using plant extracts as quorum quenchers to control microbial biofouling 
Using motility assays, it was found that several members of the plant extracts and 
known quenchers were able to significantly inhibit swimming and swarming motility 
of motile bacteria. The best extracts were able to reduce motility by 27.1% (vanillin, 
A. tumefaciens), 58.0% (ginger, E. coli) and 86.4% (onion, B. subtilis). Reduction in 
motility was not coupled with antimicrobial effects. Therefore, these motility 
inhibitors functioned as quorum quenchers. Of the extracts and known quenchers 
tested, vanillin (27.1% motility reduction), jiang huang (24.6% reduction) and garlic 
(18.8% reduction) were the best quenchers for AHL-based A. tumefaciens. The 
finding agreed with literature data that vanillin and garlic reportedly inhibited AHL 
based QS loops. Onion and ginger extracts were found to be the best quenchers for 
AI-2 based E. coli and B. subtilis. Average motility reductions on E. coli reached 58.0% 
for ginger extract, 52.6% for onion extract and 52.0% for dang gui extract. Average 
motility reductions on B. subtilis reached 86.4% for onion extract, 82.2% for ginger 
extract and 62.2% for garlic extract. Most of these extracts and quenchers also 
showed no or weak positive dose dependency, with garlic extract being the exception, 
suggesting most extracts created strong inhibition effects even at low concentrations. 
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Motility inhibition was strongly observed to correlate with biofilm reduction on 
microfiltration membranes. From the 6 best extract/motility and bacteria pairs tested, 
5 out of 6 pairs produced significant reduction in biofilm formed on polysulfone 
microfiltration membrane, with reductions up to 64% observed on E. coli and 55% on 
A. tumefaciens biofilms. These membranes were used in MBR applications and the 
data suggested the extracts and quenchers potentially can improve membrane 
biofouling if they were added to the MBR mixed liquor either in dosed form or in 
immobilized form. This part of the work was not pursued further, though. Neither 
dosed nor immobilized quenchers were sustainable.  
 
Motility assays were used throughout this study to detect the presence of quenchers 
and autoinducers in the samples. The assay provided a simple, economical and 
relatively fast detection method for quenchers and autoinducers, without the need for 
specialized genetically modified reporting strains, equipment or microbiological 
training, which normal detection methods require, and produced results similar to 
other results found in reported literature. The assay is a valuable tool for broader 
application of QQ processes. 
 
7-1-2. Dosing pure culture QQ bacteria to control microbial biofouling in membrane 
bioreactors (MBRs) 
Based on the fouling reduction performance achieved through dosing P. putida and B. 
cereus, this study demonstrated that fouling control by dosing pure culture QQ 
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bacteria could be an affordable and sustainable process. Maximum TMP reduction by 
P. putida compared to the control MBR was 56%, 73%, 61% and 46% for the 4 cycles 
of running with dosing free QQ bacteria, which was comparable to TMP reduction by 
QQ enzymes or bacteria reported in literature. Theoretically, reactor size up to 5 m3 
can rely on dosing; as the dose amount does not exceed 100 L and should be 
manageable to produce at one go in small-sized batch reactors. Both strains used were 
wild type strains accessible from major type culture collection centers, and it is cheap 
to produce pure culture stock of QQ bacteria using either lysogeny-broth (LB) 
medium or other general growth medium. However, larger reactors would require 
larger amount of pure culture stock per dose, which might face maintenance and 
contamination issues. 
 
Dosed P. putida in R3 reduced fouling through QQ compared to the control MBR 
(reduction was statistically significant in 2 out of 4 cycles run for freely dosed QQ 
bacteria). The reduced fouling was supported by consistently lowest TMP recorded, 
reduced biofilm formation on membrane surface in R3 and reduced swimming 
motility compared to the control reactor observed from the R3’s effluent samples. The 
average maximum TMP reached was 59% lower than that of the control reactor. In the 
mixed liquor, P. putida asserted tight control on the autoinducer levels through an 
AHL-concentration dependent production of lactonase-like quencher. The existence of 
the tight control loop was also supported by motility reduction, which was not as 
significant as observed on B. cereus. 




Dosed B. cereus (in R2) overall also reduced fouling compared to the control reactor, 
however not as significantly as P. putida, especially in the early cycles. However, the 
biofilm formed on R2 was observed to be weakly attached to the membrane. This 
explained why R2’s TMP would have more fluctuations, proving QQ by B. cereus 
weakened biofilm structure. Motility assays showed R2’s effluents had the most 
inhibition effects on the reporting bacteria among MBRs, reducing motility by 52±26% 
on E. coli, 51±3% on B. subtilis and 45±10% on A. tumefaciens. The strong QQ 
effect suggested B. cereus actively produced QQ enzyme and unlike P. putida, 
quencher production was not stopped by low AHL concentrations. 
 
The mixed liquor characteristics (i.e., MLSS, VSS, EPS and SMP) between the 
control reactor and QQ bacteria dosed MBRs were mostly comparable. For the 
present study, the correlation between fouling and EPS/SMP concentration was weak, 
mostly due to very low level of EPS/SMP present in the synthetic wastewater feed 
and there was almost no organic fouling due to EPS/SMP. Most fouling would be due 
to biofouling (i.e., biofilm formation). This also proved that any fouling reduction 
observed in this study was due to QQ inhibiting biofilm formation. The reactors also 
maintained good COD (>90%) and TN (>60%) removal. Pollutant removal rates were 
also comparable and unaffected by dosing of QQ bacteria. 
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DNA sequencing data showed that all MBRs had comparable community structure 
and alpha diversities (# of otus, Menhinick’s richness index, Simpson’s evenness 
index, Simpson’s diversity index, Shannon-Weiner’s diversity index). This suggested 
dosing pure culture QQ bacteria did not cause long term change in community 
structure and affect diversity. Betaproteobacteria and Bacteroidetes dominated the 
mixed liquor population. The consistent abundance of these 2 groups suggested that 
the simple carbon and ammonium feed (which enhanced the nitrification process) was 
the most important factor in determining microbial community structure. In this study, 
dosing QQ bacteria has low risk of changing microbial community structure and it is 
also expected that pure culture QQ bacteria would not survive long in the MBRs and 
needs to be regularly replenished. 
 
7-1-3. Evaluation of QQ bacteria entrapped bioballs to control microbial biofouling 
in membrane bioreactors (MBRs) 
To further improve the long-term stability and sustainability of the QQ process, the 2 
QQ bacteria (B. cereus and P. putida) were immobilization onto entrapped mixed 
microbial cell (EMMC) bioballs. The bioballs were successfully prepared for both 
bacteria, and most living cells inside the bioballs were found to belong to the QQ 
bacteria. The EMMC bioballs improved baseline fouling performance at the start of 
the cycles through scouring effects, as more stable TMPs were observed. However, 
these bioballs did not prevent the rapid TMP rise due to biofilm formation at the end 
of the cycles. 




B. cereus bioball loaded R2 was the least fouled MBR in this phase, having to 
chemically clean the membrane only 3 times in 62 days, while R1 and R3 had to be 
chemically cleaned 7 and 9 times, respectively, in the same time period due to severe 
fouling. B. cereus bioballs helped to extend the average cycle length by 99% 
compared to the control MBR which was loaded with bioballs prepared from 
activated sludge. The EMMC bioballs improved stability of B. cereus QQ process, 
while the immobilized bacteria retained the ability to continue production of QQ 
enzymes. Motility assay also showed R2’s mixed liquor reduced motility by 48±7% 
on B. subtilis and 23±7% on A. tumefaciens compared to the control MBR. The 
scouring effects of the bioballs further improved fouling by scouring away the already 
weakened biofilm due to QQ. 
 
P. putida bioball loaded R3 had significantly worse off fouling compared to when the 
R3 was dosed with free-cell P. putida. Motility assay also showed decreased AHL 
quencher production when P. putida was immobilized. The worse off performance 
suggested that the autoinducer concentration was low inside the bioballs. As P. putida 
needed AHL concentration to reach a threshold value to start quencher production, 
low levels of autoinducers caused the cells to switch off their quencher production 
activities. Based on the much worse off performance of P. putida bioballs in this 
phase and consistently reduced fouling by B. cereus bioballs, it can be concluded that 
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B. cereus was a better candidate to be immobilized onto EMMC bioballs for MBR 
fouling control. 
 
The mixed liquor characteristics (i.e., MLSS, VSS, EPS and SMP) in this phase were 
comparable between the control reactor R1 and B. cereus bioball loaded R2. However, 
P. putida bioball loaded R3 was observed to have lower than expected MLSS and 
MLVSS concentrations. In addition, weaker floc structure through FISH as well as 
decreased TN removal was also observed in R3. These observations suggested that R3 
likely experienced reduced biological activity.  
 
Community structure analysis through FISH continued to show abundance of 
Betaproteobacteria in the mixed liquor. The mixed liquor of R3 showed abnormally 
high number of planktonic cells, suggesting weakened floc structure in the mixed 
liquor of R3, which was in agreement with its reduced MLSS and slightly reduced 
EPS levels. 
  




7-2-1. Further development and application of motility assays for detecting 
autoinducers and quenchers 
In this study, it has been demonstrated that motility assay coupled with antimicrobial 
assay is a valuable tool for detection of autoinducers and quenchers. As detection of 
autoinducers and quenchers is central in QQ applications, it is recommended that this 
assay be further improved in its sensitivity (especially towards non-substituted AHLs) 
by including a few other motile reporting strains such as Burkholderia thailandensis, 
which responds to C6-, C8- and C10-HSL. Studies on improving throughput should 
also be carried out, for example, using smaller-sized agar plates or evaluating whether 
inoculating multiple reporting bacteria onto the same agar plate will create interfering 
responses. A few autoinducers (i.e., AHLs and AI-2) and quenchers (i.e, furanone, 
vanillin, acylase I, etc.) should be selected as standards and motility impact of these 
standards at different concentrations on motility reporting bacteria to be documented, 
to serve as future reference so that motility inhibition properties of unknown 
quenchers or autoinducers can be compared. 
 
7-2-2. Evaluating free cell P. putida and B. cereus or B. cereus Bioballs to membrane 
bioreactors fed with real wastewater 
It has been demonstrated that dosing free cells of P. putida and B. cereus, and B. 
cereus immobilized on EMMC bioballs reduced fouling of MBR membranes through 
the production of quorum quenchers. The current MBR was fed with synthetic 
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wastewater to remove interference of any autoinducer or quenchers, which could be 
present in the feed. It is important to ensure these cells also survived and produce 
quenchers in an MBR fed with real wastewater. In addition, the MLSS of the MBR in 
this study, which was about 1,000 mg/l for low flux and 2,000 mg/l for high flux, was 
lower than typical operating MBRs fed with domestic wastewater (typically > 10,000 
mg/l). The optimum dosage and amount of bioballs needed to be loaded to produce 
satisfactory QQ effect need to be re-determined for the higher MLSS MBRss due to 
potentially higher concentration of autoinducers. 
 
7-2-3. Root cause for decreased bioactivity by P. putida bioballs 
In phase 2, it was observed that the P. putida bioball loaded R3 had lower MLSS than 
the other 2 MBRs, and also the MLSS did not increase in response to increased flux, 
whereas MLSS of the other 2 MBRs increased by more than 80%. It is necessary to 
find out the root cause of the decreased microbiological activity and hence prevent 
similar future incidents when using EMMC bioballs. Current hypothesis pointed to 
partial bio-degradation of the CTA matrix by the P. putida cells and release of 
potentially toxic residue solvents or related metabolites, which could hinder growth or 
even cause massive cell deaths. Further investigations on mixed liquor and effluent 
through HPLC are recommended. 
 
Currently, most of the original R3’s supernatant had been removed from the MBR. 
Some mixed liquor from R1 had been added to R3 to re-activate the MBR. A study 
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using HPLC to measure concentrations of toluene, dichloromethane and related 
metabolic products in the MBR mixed liquor and effluent is under way which will 
help to reveal the root cause for this incident. 
 
7-2-4. Further investigation on P. putida and B. cereus autoinducer and QQ systems 
Currently, QS or QQ bacteria with thorough investigations on how their 
autoinducers/quenchers system work mostly involved clinically important strains, 
such as P. aerugenosa PAO 1 and pathogenic strains of E. coli. Strains with 
potentially beneficial engineering applications such as P. putida and B. cereus 
deserved to receive more attention. For example, the QQ enzyme of P. putida and the 
gene coding the enzyme has not been characterized yet. This makes process 
optimizations using this strain difficult. While B. cereus’s QQ enzyme (AiiA) is better 
understood, there is similar issue on lack of understanding of what exactly are the 
environmental signals or factors that can trigger the activation of the aiiA genes and 
production of this QS enzyme. To facilitate process optimizations, further studies are 
recommended to reveal the detailed mechanisms of QQ loops for both bacteria.  
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